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The laminar flow in the small bronchial tubes is quite complex due to the presence of
vortex-dominated, secondary flows. Contributing to this complexity are the geometrical
characteristics of the bronchial tubes that include asymmetric and nonplanar branching.
These secondary flow fields play a crucial role in particle deposition; however, the actual
mechanisms that determine the particle distributions are not fully understood. The research reported here increases understanding of this phenomenon by studying flow structure/particle interaction in the small bronchial tubes for steady and unsteady respiratory
conditions. Specifically, the effects of simultaneous nonplanar and asymmetric branching
were investigated. The nonplanar model was generated by applying a 90◦ out-of-plane
rotation to the third-generation branches. Steady-state inspiratory flows for a Reynolds
number of 1,000 and unsteady periodic flows with a 30-respiration-per-minute breathing
frequency were simulated in three-generation, asymmetric, planar and nonplanar models.
The asymmetry and nonplanarity produced asymmetric secondary flow patterns and un-

equal mass flow partitioning in the third-generation branches. Ten micron water droplet
deposition in the nonplanar model was found to be significantly different from the planar
model, demonstrating the impact of simultaneous nonplanar and asymmetric branching.
The unsteady nature of the flow also affected particle deposition. Particles released at
the same instantaneous inflow conditions during off-peak inhalation conditions, generated
significantly different particle deposition patterns. The differences were attributed to the
high temporal variations of the fluid velocities at these off-peak times and history effects
in the flows. It was also observed that the initial particle velocities had a significant impact
on particle deposition. The study of flow structure and particle interaction was facilitated
by the development of a novel visualization technique that employs finite-time Lyapunov
exponents (FTLE). This research provides a better understanding of the fluid dynamics
driving the particle deposition in the bronchial tubes.
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CHAPTER 1
INTRODUCTION

Respiration produces surprisingly complex flow fields in the network of lung airways.
Characteristics of these flows include secondary currents, in the form of vortices, which
play a critical but poorly understood role in the filtration of entrained particles from inhaled
air, consigning some to deposition on mucus-lined walls, others to a return trip through
exhalation, and some to lodgings deep in the alveolar sacs of the terminal airways. The
motivation for this effort is the significance of two seemingly dichotomous applications:
1) the health hazard posed by the inhalation of carcinogenic, disease-bearing, or lungdamaging aerosols and 2) the clinical delivery of both local and systemic aerosolized drugs
through the lungs. Progress on both applications is hampered by the fact that experimental
studies for flow in the small bronchial tubes are difficult and expensive due to their small
scale and their inaccessibility deep in the chest.
The geometry of the bronchial tubes is characterized by bifurcations that produce multiple generations with asymmetric and nonplanar branching as shown in figure 1.1(a) [1].
A bifurcation is defined as the location where two daughter tubes diverge from a parent
tube as shown in figure 1.1(b). This fundamental unit represents two generations. Typically, there are a total of 18 generations of airways in the human bronchial tree that consists of 217 distinct tubes, not including the alveolus [2]. Asymmetry is present because
1

the branch angle and relative size of the each daughter tube are not the same. Additionally,
in a realistic bronchial network, branching is not confined to a plane, i.e., the subsequent
generation may not lie in the same plane as the previous generation. The out-of-plane
branch angles are randomly distributed in a manner that allows the bronchial tube network
to fill the available space without intersections and significantly increases the complexity
of the geometry.

(a) A bronchial tree network [1]

(b) A fundamental unit

Figure 1.1
Geometry of a bronchial tree.

The flows in the small bronchial tubes are laminar with a Reynolds number less than
1,000 [3]. However, these flows are quite complicated due to the existence of secondary
currents that are generated by the axial curvature of the tubes. The flow becomes more
complex further down the tree due to the effects of nonplanarity and multiple generations.
The general characteristics of the bronchial tube flow field are illustrated in figures 1.2
and 1.3. The flow in the direction of the local axis of the tube is designated as the primary
2

Figure 1.2
Primary flow in three-generation bronchial tube model.

flow and the flow in the plane perpendicular to the axis of the tube as the secondary flow.
It should be noted that these definitions for the primary and secondary flows are only valid
for simple tubes. Since it is not possible to define a local tube axis near the bifurcation,
the primary and secondary flow designations have little meaning in this region. Figure 1.2
shows the primary velocity profiles at various cross-sections. The vectors are colored by
total velocity magnitude, which is specified in m/s. Figure 1.3(a) shows a plot of stream
ribbons colored according to the exit in which the ribbon leaves the domain. This figure
illustrates the effects of the secondary flows, which are dominated by vortices. The ribbons
are twisted near the bifurcation indicating the presence of these vortices. The cross-flow
velocity vectors, representing the secondary flow in cutting plane AB in figure 1.2, are
shown in figure 1.3(b). The vectors are plotted on the cutting plane, which is shaded by
3

total velocity magnitude specified in m/s. Only every third vector is plotted for clarity.
The vortices are formed due to the axial curvature of the tube. As a fluid particle enters
the curved section of the tube, its path changes due to the curvature. To conserve angular
momentum, the particle velocity increases. Since particles on the inside of the curve,
where the radius of curvature is smaller, experience a greater change in path curvature,
they accelerate more than those on the outside of the curve. These faster particles rush
to the outside of the curve and displace the slower moving particles, which results in the
formation of a counter rotating vortex pair. This phenomenon is illustrated in figure 1.3(b)
where the region of highest velocity, i.e., the red shaded region, is shifted toward the
outside of the turn (A side) due to inertial effects.

(a) Stream ribbons colored by exit

(b) Counter rotating vortex pair in cutting plane AB

Figure 1.3
Secondary flows in three-generation bronchial tube model.

4

The flow fields in the bronchial tube become even more complicated as realistic breathing includes unsteady inhale-exhale cycles. The breathing frequency can become as high
as 40 cycles/minute during heavy exercise or as low as 15 cycles per minute during normal
resting conditions in an average human adult [4]. These types of oscillatory flows in pipes
are often described using the nondimentional parameter called the Womersley number (α),
which is given by

α=R

ω
ν

(1.1)

where R is the parent tube radius, ω is the breathing frequency and ν is the kinematic
viscosity. The Womersley number provides the ratio of unsteady effects to viscous effects [5]. In other words, if the Womerley number is smaller than unity, the flow can be
considered steady-state since the flow frequency is small enough to let the parabolic profile
develop during each cycle. If the Womersley number is larger than unity, the flow must be
considered to be unsteady.
The particulate matter (PM) suspended in the atmosphere is of various sizes and shapes
including large-sized pollens (diameter greater than 100μm) and nanoparticles (diameter
less than 1μm) such as fumes, ultrafine dust, etc. [6]. Most of the particles from the
atmosphere found inside the human lungs range in size from 2-10μm, corresponding to
coal dust, asbestos fibers, pollen, bacteria, etc. [6]. The deposition of microparticles is
influenced mainly by impaction and sedimentation, whereas diffusion comes into play for
nanoparticles. When inhaled, these particles are driven by the bronchial tube flows. When
the particles come in contact with the mucus layered on the walls of the lung airways, the
5

particles deposit on the walls by sticking to the mucus. Further complicating the issue,
they may react with the mucus or with each other upon contact, based on their chemical
properties [7].

1.1

Research hypotheses and significant contributions
In order for this research to be useful for targeted drug delivery via inhalation or for

the study of hazardous health effects of inhaled particles, it is crucial to understand the
fluid mechanics behind the particle transport. The primary goal of this research effort
is to understand the dynamics of particle deposition in the bronchial tubes. The major
underlying hypotheses and the research objectives that were accomplished are discussed
below.

1.1.1

Hypothesis-1

The combined effects of asymmetry and nonplanarity are significant for bronchial tube
flow fields and particle deposition.
Since the bronchial tube geometry plays an important role in secondary flow generation, geometrical aspects such as nonplanarity and asymmetry cannot be overlooked. To
date, several researchers have studied the effects of nonplanarity on lung tube flows for
symmetric models [8, 9, 10]. However, the asymmetry of the lung geometry has not been
considered in these studies. To address this shortcoming, the simultaneous effects of nonplanarity and asymmetry on bronchial tube flows and particle transport are studied in this
work. In order to achieve this objective, steady-state flows with a Reynolds number of
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1,000 were simulated and the flow in the planar and nonplanar models were compared in
terms of the flow partitioning, primary velocity profiles, and secondary flow patterns in
each tube. Particle trajectories were also simulated to investigate the effects of geometry on particle transport. The results will demonstrate the fact that the geometry of the
bronchial tube plays a crucial role in how the particles and flow structures behave in the
bronchial tubes.

1.1.2

Hypothesis-2

The oscillatory nature of the flow fields in the bronchial tubes significantly affects
particle deposition.
Simulating the inhale-exhale breathing cycle is necessary because it can significantly
impact the flow structures in the bronchial tubes as well as the particle deposition. Even
though there have been studies that have considered unsteady flow conditions in the bronchial
tubes [11, 12, 13], no in-depth study of the effects of these oscillatory flows on the particle deposition has been performed. In order to understand the effects of unsteady flow
conditions on the particle deposition, flow fields and particle trajectories were simulated
for an unsteady, inhale-exhale breathing cycle corresponding to a breathing frequency of
30 respiration per minute. Based on whether the flow rate is increasing or decreasing with
time, the flows downstream can be significantly different, even for the same instantaneous
inlet conditions. The effects of different phases of the breathing cycle on particle deposition were investigated by comparing the deposition characteristics of particles released
at equivalent instantaneous inlet conditions. This study will demonstrate the importance
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of the unsteady flow by a detailed analysis of the particle behaviors and how they are
influenced by the flow structures.

1.1.3

Hypothesis-3

New visualization techniques are needed to facilitate better understanding of the flow
structure/particle interactions in bronchial tube flows.
Various visualization techniques serve as basic tools to help understand the flow fields
and particle transport in bronchial tube models. However, existing visualization techniques
fail to illustrate the interactions of the flow structures with the particles and their impact
on particle transport. To address this issue, the interaction between inhaled particulate
and the fluid flow in the small bronchial tubes were investigated using a combination of
techniques including particle destination maps [10, 14], which indicate the zone of the
computational domain in which a particle is deposited, and finite-time Lyapunov exponent (FTLE) maps [15], which provide a quantitative description of the coherence, or
lack thereof, of particles passing through a certain region in the flow. This visualization
technique along with particle destination maps and particle trajectories will serve as an
important tool for research in the study of bronchial tube flows and particle deposition
simulations.

1.2

Significant contributions
The significant contributions of this research work are as follows:

1. This research demonstrated that the effects of nonplanarity and asymmetry on the
third-generation flow fields and particle deposition were substantial. Simultaneous
consideration of the geometrical aspects of asymmetric and nonplanar branching of
8

the bronchial tree has previously been lacking in published research on flows and
particle deposition.
2. The oscillatory nature of the flow fields in the bronchial tubes significantly affected
the particle deposition at the off-peak times. However, the unsteady effects on the
flow and particle deposition were found to be minimal at the peak of the inhalation
phase. A better understanding of history effects and the effects of accelerating and
decelerating nature was gained.
3. A novel visualization technique employing FTLE to understand flow structure/particle
interaction served as an important tool for research in the study of bronchial tube
flows and particle deposition simulations. The planar FTLE maps distilled both the
local and global phenomena into a single map and facilitated a better understanding
of the effects of the complex flow fields on the particle deposition for large number
of particles.

1.3

Publications and presentations
A list of the publications and presentations that were produced as a part of this research

follows.

1.3.1

Publications

1. B. Soni, D. Thompson, and R. Machiraju,“Visualizing Particle/Flow Structure Interactions in the Small Bronchial Tubes,” IEEE Transactions on Visualization and
Computer Graphics (Proceedings of Visualization/Information Visualization 2008),
Vol. 14, No. 6, 2008, pp. 1412-1419.
2. B. Soni, C. Lindley, and D. Thompson, “The Combined Effects of Nonplanarity
and Asymmetry on Primary and Secondary Flows in the Small Bronchial Tubes,”
International Journal for Numerical Methods in Fluids , Vol. 59, 2009, pp. 117-146.
3. B. Soni and D. Thompson, “Secondary Flows in the Small Bronchial Tubes: A Mesh
Refinement Study,” Paper 2006-3518, AIAA 36th Fluid Dynamics Conference, San
Francisco, CA, June 5-8, 2006.
4. B. Soni and D. Thompson, “Comparison of Steady-state and Unsteady Flow Conditions on Particle Deposition in the Small Bronchial Tubes,” In preparation.
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1.3.2

Presentations

1. B. Soni, C. Lindley, and D. Thompson, “Simultaneous Effects of Nonplanarity and
Asymmetry on Small Bronchial Tube Flows and Microparticle Transport,” The Seventh Mississippi State-UAB Conference on Differential Equations & Computational
Simulation, University of Alabama, Birmingham, AL, November 1-3, 2007.
2. C. Lindley, B. Soni and D. Thompson, “Effects of Inlet Velocity Profile on Flows
in Multigenerational Bronchial Tubes,” The Seventh Mississippi State-UAB Conference on Differential Equations & Computational Simulation, University of Alabama, Birmingham, AL, November 1-3, 2007.
3. B. Soni, C. Lindley, and D. Thompson, “Effects of Nonplanarity on Secondary
Flows in the Small Bronchial Tubes,” Journal of the Mississippi Academy of Sciences (71st Annual Meeting of the Mississippi Academy of Sciences), Vol 52, No
1, 2007, Mississippi State, MS, February 22-23, 2007.
4. B. Soni, D. Thompson, W. Brewer, and S. Nasir, “Vortex Characterization in Curved
Tubes: Application to Bronchial Flows,” The Sixth Mississippi State-UAB Conference on Differential Equations & Computational Simulation, Mississippi State, MS,
May 13-14, 2005.

1.4

Outline of dissertation
First, an in-depth literature review was performed that included experimental, theo-

retical and computational investigations of flow fields in bronchial tubes with and without
particle deposition. Next, a detailed geometrical description of the planar and nonplanar,
asymmetric three-generation models used for this research is provided. The mesh generation and mesh refinement strategies are explained in detail. Information about the flow
solver, boundary conditions, and particle trajectory computation is also provided in this
section. The particle visualization techniques are discussed next. Results from several
simulations are then reported. Numerical results for a two-generation, planar model were
validated by comparing with experimental data reported in the literature. Next, the simultaneous effects of nonplanarity and asymmetry on the three-generation bronchial tube
10

flows and particle deposition were examined for a steady-state inhalation condition. The
effects of nonplanarity and asymmetry on particle deposition were also evaluated. A detailed mesh refinement study was carried out to demonstrate mesh convergence. Then,
unsteady effects due to an inhale-exhale cycle were investigated. Finally, important conclusions based on the results were reported and the impact of the research on future efforts
was highlighted.
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CHAPTER 2
LITERATURE REVIEW

2.1

Health effects
The harmful effects of the inhalation of disease bearing, carcinogenic, and lung-

damaging aerosols have been identified and reported in the literature. Inhalation of particles from environmental pollution produces numerous localized and systemic responses
by the lungs [16]. Long-term exposure to certain classes of particles, such as asbestos and
coal dust, have been shown to have deleterious effects on respiratory function [17], while
even a short-term exposure to a sufficient amount of Bacillus anthracis spores can prove
to be lethal by developing into the respiratory disease anthrax [18]. The use of these deadly
spores as a biological weapon is a real possibility in this era [19]. Various researchers have
proposed that fine particulate air pollution contributes to excess mortality in certain U.S.
cities. Air pollution has been positively associated with mortality due to cardiopulmonary
diseases [20, 21], including myocardial infarction [22, 23]. Recent evidence suggests that
short-term exposure to PM can have acute cardiovascular effects. A study by Lentz et
al. [24] showed that cumulative exposure to refractory ceramic fiber (RCF) is directly related to pleural plaques in RCF manufacturing workers. The health risk based on human
age and breathing rate was analyzed [4] and the results showed that humans of young age
are at a higher risk based on the analytical model.
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Medication can be effectively introduced via the respiratory tract either targeted toward
the airways, for localized delivery in the lungs, or into the circulatory system for systemic
delivery to other body parts. There have been some efforts reported to improve the quality
of dry powder inhalers [25, 26, 27, 28] for both systemic and targeted drug delivery via the
respiratory tract. Martonen et al. [26] suggested using computational models in addition
to theoretical models to facilitate to the design of dry powder inhalers or metered dose
inhalers.

2.2

Lung geometry
The lung airways mainly consist of bifurcating tubes with different diameters, lengths,

and branch angles. A simplified lung airway geometry can be constructed using mathematical shapes such as cylinders, ellipses, circles, etc., with knowledge of the length to
diameter ratios and branch angles. Morphological descriptions of the human bronchial
tubes have appeared in the literature since 1963 when Weibel [29] introduced a symmetric
model. Horsfield introduced an anatomical representation of asymmetric lung tubes by
taking Weibel’s model as the fundamental model [30]. Hammersley and Olson presented
symmetric and asymmetric bifurcation patterns for the small bronchial tubes for upto six
to 12 generations [31]. Several casts of human airways were used to obtain averaged values of diameter, length, and branch angles to generate symmetric and asymmetric small
bronchial tube geometries. In 2004, Hegedus et al. [32] provided a detailed mathematical
description of a morphologically realistic airway geometry of the first five generations.
They also developed a computational model based on the mathematical description for
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both planar and nonplanar models, where the nonplanarity was defined by a 90o out-ofplane branch angle.
Some current studies using a realistic morphology of the lung airways employ CT-scan
and MRI techniques [33, 34]. These techniques provide high quality realistic lung airway
geometries; however, they can only be accurate for a limited number of generations [5].
Also, the use of these realistic geometries has been limited due to the difficulties associated
with their availability and the difficulty of geometry construction compared to their simpler
counterparts.

2.3

Secondary flows and particle deposition
Vortex dominated secondary flows are developed in the bronchial tubes due to the

curvature in the bronchial tube geometry. These secondary flows have proven to play
a crucial role in particle deposition in the lung airways. Gatlin et al. [3] observed the
magnitude of secondary velocities to be as high as 50% of the local axial velocities for flow
at a Reynolds number of 500 in an asymmetric bifurcation. Stronger secondary currents
were observed by Liu et al. [35] in an asymmetric model compared to a symmetric model
in steady-state flow field simulations. The flow was simulated using an unstructured mesh
and mesh convergence was demonstrated by refinement until the change in mass flow rate
was within a tolerance of 0.5%.
Due to the small scale of the lung tubes and the complexity of the flows, there is a
lack of awareness of the actual boundary conditions for the lung airways. Isaacs et al. [36]
investigated the effects of inlet velocity profiles by simulating inspiratory flows with par14

ticle deposition in a two-generation, symmetric, planar tracheobronchial model. Their
results showed higher particle concentrations at the carinal region for the parabolic inlet
profile. A similar observation was made by Hoffman et al. [37] who considered a variety of inlet conditions such as uniform, parabolic, and asymmetric at various flow rates.
In 2004, Shi et al. [38] computationally evaluated the effects of different inlet conditions
on ultrafine nanoparticle transport and deposition using planar and nonplanar, symmetric,
three-generation airways. Steady-state inhalation was imposed for Reynolds numbers of
200 and 1,000. The nanoparticle size varied from 1nm to 200nm. The inlet flow conditions were determined to have only a minimal influence on the particle deposition patterns.
Particle deposition studies in bronchial tubes for various microparticles and nanoparticles have been reported in the literature. Zhang et al. [39] presented particle deposition
patterns for a four-generation symmetric model using a parabolic inlet velocity profile on
a structured mesh refined to show mesh independence. The metrics used to establish mesh
independence included the velocity field and the particle deposition patterns. In 2002,
Zhang et al. [40] analyzed microparticle deposition computationally using the same model
and flow conditions described above. The deposition efficiency, defined as a function of
Reynolds number and Stokes number, was higher at the third bifurcation, where the local
Reynolds number was lower than in the other bifurcations. Zhang et al. [41] compared microparticle and nanoparticle deposition patterns in a planar three-generation upper airway
for different inspiratory conditions. The nanoparticles were observed to be more uniformly
distributed along the airway than were the microparticles. Sheu et al. [42] employed a
two-phase model to simulate particle deposition in a symmetric, planar, three-generation
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central airway model. A Reynolds number of 200 was used for a steady-state inhalation
condition. Detailed aerosol deposition patterns in the respiratory tract of Weibel’s symmetric planar model were predicted using the general dynamic equation [43] which is a
dynamical Eulerian approach.
The chemical properties of the particles have also been taken into consideration in
some studies. Farkas et al. [44] developed a computational model to simulate radon
progenies and carried out a risk assessment of these inhaled substances based on location. The simulation consisted of the first five generations of the bronchial tubes. In
2004, Koolpiruck et al. [45] simulated charged aerosol deposition in a modified symmetric Weibel, planar, three-generation airway using the particle-mesh method on an unstructured mesh. Steady-state inflow conditions were imposed at a Reynolds number of 2,000
for both uniform and parabolic inlet velocity distributions. The results demonstrated the
effects of particle cloud volume, initial particle distribution, inlet flow profile, and electrostatic properties of aerosols on particle deposition.
Particle deposition in the bronchial tubes can also be modeled employing a mathematical approach along with the computational fluid dynamics (CFD) methods. This was
demonstrated by Martonen and his associates [46, 47]. They developed a mathematical
model including particle cloud motion, to understand the deposition of cigarette smoke in
the bronchial tubes. Also, Martonen and Schroeter [48, 49], in a series of studies, created a dosimetry model employing mathematical models, computer simulations of particle
behavior, and experimental data derived from human and rat subjects. They studied the
effects of physicochemical properties on the particle deposition patterns of inhaled PM in
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the form of secondary cigarette smoke. Asgharian et al. [50] implemented an approach
that predicted particle deposition patterns that were in good agreement with experimental data. Simplistic algebraic approximations were used to predict air flow in the upper
conducting airways.

2.4

Effects of bronchial tube geometry
The bronchial tube geometry plays an important role in particle deposition. When

particle deposition in bronchial tube models with chronic obstructive pulmonary disease
(COPD) [51] was studied, the effects of the obstructed airways were found to be significant on particle deposition as the study showed considerable differences in the particle
deposition efficiencies relative to healthy airways. To study the effect of bronchogenic
carcinomas, Martonen et al. [52] simulated flow fields employing a planar two-generation
geometry with a tumor at the bifurcation. Their results suggested the effects of the tumor
on bronchial tube flows were significant and, for a larger tumor size, caused a flow reversal.
Balashazy et al. [53] simulated carcinogenic fiber deposition in a planar three-generation
central airway. The particle deposition efficiency was examined for flow rates varying over
the range 10l/min, corresponding to resting, to 120l/min corresponding to heavy exercise, and fiber lengths ranging from 25μm to 100μm for different symmetric geometries
with varying branch angles. The deposition efficiency increased with increasing breathing rates and larger branch angles, demonstrating the significance of flow rate and airway
geometry on fiber depositions. The effects of cartilage rings on particle deposition were
found to be significant for larger particles and higher flow rates in the study conducted by
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Russo et al. [54] using a two-generation model of the trachea and main bronchi. Recently,
Xi et al. [55] concluded that including a laryngeal jet significantly alters particle deposition patterns for at least the first three bronchi. They considered nanoparticle as well as
microparticle deposition in the bronchial tube model over a range of particle diameters
from 2.5nm to 12μm.
In reality, the lung airways are not confined to a single plane. Experiments and numerical simulations have been employed to investigate the impact of nonplanar branching
on bronchial tube flow fields and particle transport. In most cases, the effects of nonplanarity were evaluated under the assumption that the most significant effects occur when
the out-of-plane branch is perpendicular to the previous branch. The effects of nonplanarity on microparticle deposition were observed in an experimental study of steady-state
inhalation using a symmetric three-generation model with the Reynolds number varying
between 283 and 4,718 [8]. The impact of nonplanarity was observed to be significant
in the vortex patterns in an experimental effort to understand steady inspiratory flows in
a three-generation symmetric bronchial tube model [9]. Comer et al. [10] simulated microparticle deposition patterns for different Reynolds numbers, Stokes numbers, and inlet
particle release patterns in symmetric, three-generation, planar and nonplanar lung airway
models. The particle deposition results, described in terms of patterns and surface concentrations, were found to be considerably different for the nonplanar case in comparison to
the planar case. An uneven flow distribution was observed as more flow entered into the
medial tubes than the lateral tubes in a symmetric three-generation planar model [56], as
opposed to the even flow distribution in the nonplanar model.
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Zhang et al. [57] claimed that microparticle deposition patterns for the nonplanar
model were equivalent to the planar model, only rotated. However, the secondary flow
intensity was found to be about 120% higher during exhalation in a nonplanar model then
in a planar model, where the intensity of the secondary flow was defined as the ratio of integrated secondary velocities to integrated axial velocities at a given cross section. Particle
deposition patterns were calculated for normal breathing and high-frequency ventilation
conditions employing a structured mesh, which was refined to produce mesh independent solutions as determined from the velocity profile. Shi et al. [38] demonstrated no
significant differences for nanoparticle deposition in the planar and nonplanar symmetric
bronchial tube models.

2.5

Unsteady ventilation
In reality, the breathing pattern is not solely one of inhalation. There are inhale and

exhale phases of the breathing cycle, which produce unsteadiness in the bronchial tube
flows. However, for simplicity, there have been studies assuming steady-state inhale and
steady-state exhale conditions to compare the effects of inspiratory and expiratory flow
conditions on the flow fields and the resulting particle deposition. In 1989, Jan et al. [58]
studied the effects of oscillatory flow in a symmetric, planar bifurcation for diverging and
converging flow conditions, which correspond to inhalation and exhalation, respectively.
Balashazy and Hofmann presented a flow field simulation with particle trajectories for
steady-state inspiratory and expiratory flows in Weibel’s two-generation, symmetric, planar model [59, 60]. Particles in sizes ranging from 0.01μm to 10μm were released to
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evaluate the effects of Brownian diffusion and inertia on the particle deposition. The hot
spots for particle deposition for expiratory flow were found on the top and bottom of the
parent tube as opposed to the region near the bifurcation for inspiratory flow. It was concluded that the impact of secondary flows on particle deposition during expiratory flows
was higher than during inspiratory flows, since a pair of vortices from each daughter tube
coincide with the location in the parent tube where the hot spots occurred for the expiratory
flows. Balashazy et al. [61] investigated the effects of mucus layers of thickness 26μm to
500μm, along lung tube walls. The local particle distribution was studied for different
geometries (up to six generations), inlet flow profiles, flow rates and particle diameters.
Uneven local deposition patterns were observed as an effect of mucus layer movement.
This demonstrated the importance of the mucus layer in particle deposition.
Some studies have investigated the issues affecting particle deposition and flow field
generation in the lung airways under unsteady flow conditions. When Martonen et al. [11]
simulated unsteady flows in the upper respiractory tract, the flow patterns were shown
to be significantly different for inspirational and expirational flows. The authors considered flow rates based on rest and light exercise conditions. The computer model was
constructed from a realistic human silicon model, which consisted of nasal, oral, pharyngeal and laryngeal passages, the trachea and the main bronchi [12]. Similarly, Zhang et
al. [13] incorporated different inhalation modes and particle release positions in the upper bronchial airway model. Zhang et al. [62], employing the same model as described
above, presented deposition efficiency for two-phase flow results, which was observed to
be higher during inhalation when compared to exhalation. Also, the deposition efficiency
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was higher for the oscillatory flow conditions when compared to the steady-state flow
condition. In 2002, Zhang et al. [63] modeled transitional flows in the oral airway. They
simulated micronparticle transport in the larynx and trachea on a structured mesh. Zhang
and Kleinstreuer [64] modeled ultrafine particles (less then 0.1μm in size) for a symmetric, planar, four-generation upper airway considering laminar, as well as locally turbulent
flow conditions, for Reynolds numbers varying from 600 to 8,000. Mesh independence
was confirmed by investigating various metrics such as flow rate, temperature, and mass
fraction fields. The model was validated by comparison with experimental data. Deposition of fuel vapor particles was higher at a normal breathing condition in comparison to a
high activity breathing condition.

2.6

Flow simulation for the complete bronchial tree
Researchers ultimately want to understand the particle transport process in the en-

tire human bronchial network. It has been a challenge to achieve this goal due to the
complexity associated with the geometry of human lungs. However, a few researchers
have successfully simulated the flow in human lung models up to the terminal bronchi.
Nowak et al. [5] presented flow field and particle transport simulations on lung airways
with Weibel’s multigenerational symmetric planar model up to 23 generations and a CTscan model with nine generations, by dividing the bronchial tree models into tracheobronchial units of fewer generations. The simulation for the 23-generation model may
not provide accurate results since the airways become alveolated after 18 generations and
they did not include alveolus in their geometry. A comparison of results from the Weibel’s
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model and CT scan model was made. The results showed microparticle deposition patterns
that exhibited moderate differences over a Reynolds number range of 120 to 2,000 for both
steady and unsteady flows. Although a CT scan model provides a more realistic geometry, it cannot provide the airway beyond nine generations, which limits its application for
studying the entire lung airway.
Ertbruggen et al. [65] described a three-dimensional, anatomically-based lung airway
model starting from the trachea to the segmental bronchi up to a maximum of eight generations containing 17 bifurcations for simulating steady-state flows with microparticle
transport. The maximum particle concentration was observed in the branch with the maximum out-of-plane angle when compared to the other branches in the same generation.
A multi-block structured mesh was employed and refined until the maximum difference
between velocity profiles of successively refined meshes was less than 2%. In 2006, Ma
and Lutchen [66] combined a fully-resolved CFD simulation of the upper airways up to
generation six with a one-dimensional transmission line model of the impedance of the
small-scale airways. Their results showed a good prediction of overall lung impedance
when compared to the experimental studies. Recently, Gemci et al. [67] presented a simulation of 17 generations of the human lung based on the anatomical model of Schmidt
et al. [68]. The geometry was only partially resolved, containing only 1,453 bronchi as
opposed to approximately 217 for a fully resolved model. In 2008, Zhang et al. [69] simulated steady-state inspiratory airflow and nanoparticle deposition in 16 generations of lung
airways utilizing Weibel’s [29] symmetric bronchial tube geometry. They decomposed a
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complex lung airway system into adjustable four-generation units. They also consider the
effects of nonplanarity for an out-of-branch angle of 90o .
In 1984, Stuart [70] developed a mathematical model to predict global as well as local
particle deposition in the entire respiratory tract. The model showed good agreement with
experimental results. Martonen and his colleagues [71, 72, 73, 74] estimated particle deposition throughout a complete, highly-complex lung geometry. Their statistical approach
provides an estimate of the probability that a particle will be deposited in airways through
the mechanics of inertial impaction, sedimentation, and diffusion. Individual mechanistic probability functions for deposition are based on local geometrical descriptions of the
lung airway tube and local flow properties and are combined to yield a single probability
function via a Boolean summation.

2.7

Visualization of particle transport in small bronchial tubes
Visualization of particle deposition in the bronchial tubes gives qualitative and quan-

titative information about the process. There are several techniques described in the literature to visualize particle deposition in the bronchial tubes. Plotting particle trajectories
along the bronchial tree model is the most common visualization technique employed to
view particle transport [41, 62, 63, 75]. Particle deposition patterns are typically viewed
by plotting the particle terminal positions on the bronchial tube walls [10, 37, 41, 55, 62,
63, 75, 76]. This provides qualitative information about where the particles are deposited
in the model. A surface density distribution can be used to provide more information than
just the particle deposition patterns alone [76]. The surface density is calculated in each
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geometrically defined zone. Then, the percentage particle density in each surface element
is evaluated based on the maximum density in that particular zone. Zhang et al. [41] plotted the deposition enhancement fraction (DEF) on the bronchial tube surface in order to
identify high particle concentration regions or “hot spots”. DEF is defined as the ratio of
local to average deposition densities. In order to analyze the influence of the initial particle
release positions on the particle terminal locations, particle release positions were classified based on the generation in which they are deposited [10, 13, 14]. This information can
be useful for targeted drug delivery. Another approach is to plot the particle distribution in
a cutting plane along with vectors showing each particle’s direction of motion [14, 39, 63].
Haller popularized the use of the finite-time Lyapunov exponent (FTLE) as a means to
geometrically characterize Lagrangian coherent structures for general flow visualization
in steady and unsteady flows [15]. The FTLE maps identified both stable and unstable
structures or manifolds and thereby elucidate the global flow structure. This work is in
contrast to other approaches for locating and characterizing coherent structures using analytical methods based on trajectories [77, 78]. One of the significant disadvantages of using FTLE maps for three-dimensional problems is the very high cost of computing them.
There has been much interest in both the CFD and visualization communities on the use
of FTLE maps for studying and analyzing two-dimensional and three-dimensional flows.
Garth et al. [79] recently reported the development of optimized methods to compute
FTLE maps for both two-dimensional and three-dimensional flows and demonstrated superior visualizations for example applications. Sadlo and Peikert also examined the use of
FTLE ridge surfaces for visualization of three-dimensional flows [80] but did not explore
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time-optimal implementations. The use of graphics hardware to enhance computational efficiency has been investigated by Garth et al. [81] in which methods for two-dimensional
flows were implemented on GPUs.

2.8

Summary
After reviewing the literature, the following statements can be made:

1. Even though researchers have recognized the importance of the secondary flows on
particle deposition, a detailed explanation of the fluid mechanics behind this has not
been a main focus of the research.
2. Although the effects of nonplanarity and asymmetry in the bronchial tube geometry have been investigated individually, the combined effects of nonplanarity and
asymmetry have not been investigated.
3. Since the existing conventional visualization techniques fail to provide an understanding of the impact of flow structures on particle transport, a new visualization
approach is needed.
4. There have been a limited number of detailed mesh refinement studies. Even though
secondary flows are important features of bronchial tube flow fields, they have not
been the focus of these studies.
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CHAPTER 3
COMPUTATIONAL MODEL

3.1

Geometrical model
The asymmetric bronchial tube model described by Hammersley and Olson [31],

which is appropriate for generations six through twelve, was employed in this effort. This
geometry, shown in figure 3.1, is taken in this study to be the fundamental unit of the network of airways in the lung. In the nomenclature employed here, the parent tube represents
one generation and the two daughter tubes represent a second generation. In general, the
number of exits for a network can be obtained from Nexit = 2N −1 where N is the number
of generations. The asymmetric branching is defined by a parent to daughter diameter
ratio of D/d=1.143 for the larger daughter tube and a ratio of D/d=1.515 for the smaller
daughter tube. Here D is a parent tube diameter, which is taken to be 0.005m since the
diameter in generation six to twelve varies from 0.001-0.005m. The branch angles for the
larger and smaller daughter tubes are 25◦ and 45◦ , respectively. The length to diameter
ratio for all branches is L/D=3.0. The length of a daughter tube is defined as the distance
from the intersection of the tube centers at the upstream bifurcation, to the intersection
of the tube centers at the downstream bifurcation. According to Hammersley and Olson,
the local radius of curvature of the carina is less then 0.1D. In our model, a radius of
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curvature of 0.005D was employed . The shape of the carina was preserved by employing
a sufficient number of points on the defining curve when discretizing the carinal region.

Figure 3.1
Fundamental unit of bronchial tree (two generations).

In a realistic bronchial network, branching is not confined to a plane, i.e., the subsequent generations may not lie in the same plane. The out-of-plane branch angles are randomly distributed in a manner that allows the bronchial tube network to fill the available
space without intersections. Following research reported in the literature [8, 9, 10, 56, 57],
the nonplanarity was introduced by rotating the third generation 90◦ out-of-plane with
respect to second generation. In reality, two tubes in a single bifurcation may not fall
in the same plane. However, this fact has been neglected for simplicity by many researchers [8, 9, 10, 56, 57, 63]. Therefore, it is assumed that the two-generation model
with a single bifurcation is planar.
Based on the above geometrical information, three-generation planar and nonplanar
computational models were generated. The fundamental unit shown in figure 3.1 can be
used to develop multi-generation models by attaching it to a previous generation and maintaining the appropriate parent/daughter tube diameter ratios. To develop a three-generation
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(a) Planar model (zoomed mesh location)

(b) Nonplanar model

Figure 3.2
Three-generation bronchial tube geometries.

bronchial tree, a fundamental unit is added at each exit of the two daughter tubes of a
two-generation geometry. The fundamental unit is attached such that the daughter tube
is positioned centrally on its parent tube to mimic the planar three-generation asymmetric
model given by Hammersley and Olson [31]. In other words, in the planar model, the
smaller tubes in the third generation were placed in the medial positions while the larger
tubes in the third generation were positioned laterally. Figures 3.2(a) and 3.2(b) show
three-generation planar and nonplanar geometries, respectively. The parent tube length
was shortened in the fundamental unit to preserve the L/D ratio when attached to an exit
of the previous generation.

3.2

Mesh generation
The computational domains for the bronchial tree models were discretized using un-

structured meshes. In addition to advantages for modeling complex geometries relative to
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block structured grids, the use of unstructured meshes facilitates improved load-balancing
of the flow solver for enhanced efficiency on large-scale parallel computers. However,
an unstructured mesh may require more elements to reach the same level of accuracy
as a structured mesh [82]. The unstructured mesh was generated using the SolidMesh
package [83] that employs the advancing-front/local-reconnection technique developed by
Marcum and Weatherill [84]. The advancing-front technique is used for the initial point
placement. A combined Delaunay/min-max criterion is then used to reconnect the points
to form volume elements. The code can create tetrahedral, pyramid, prismatic and hexahedral elements. The meshes generated for this study employed a surface mesh consisting
of triangular and quadrilateral elements and a mixed-element (hybrid) volume mesh.
One point should be made concerning the mesh generation strategy that was used for
the multigeneration models. If a uniform nodal distribution is employed for the surface
mesh, each succeeding generation is less well resolved since the diameter of each tube
decreases as the depth of the tree increases. This will likely result in an inadequately resolved flow field. Here, it is assumed that, since each generation is geometrically similar to
the fundamental unit, the primary flow structures in each generation are also geometrically
similar. While interference effects from preceding generations in the flow path render this
statement false in a strict sense, it does provide some guidance for developing a systematic
method for discretizing the computational domain. The assumption of geometrically similar flow structures implies that a geometrically similar surface mesh should be employed
for each generation since the element sizes in the unstructured volume mesh are strongly
dependent on the surface mesh. This was implemented by employing the same number
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of nodes to discretize geometrically similar parts in each generation. The geometry was
subdivided as shown in figure 3.3 to ensure a smooth transition from finer to coarser nodal
spacing in the model. At cross-sections at 1, 2, and 3, which are geometrically similar
to one another, the same number of nodes were employed. In the coarsest mesh, 110
nodes were employed at each of these cross-sections. In figure 3.3, the nodal spacing was
doubled to enhance clarity. Although this does not guarantee that the mesh in a daughter
tube is a geometrically similar copy of the mesh in its parent tube and, by inference, the
mesh in its grandparent tube, it does ensure that a comparable mesh is employed in each
generation. To preserve its shape, a finer nodal spacing was applied in the carinal region.
Mesh quality for an unstructured mesh is typically measured in terms of the included
face angles. Standard mesh quality plots for the surface and volume meshes are shown in
figures 3.2(a) and 3.2(b). The average included angle for the surface triangles was 60◦ and
more than 90% of the included angles were between 50◦ to 70◦ , as shown in figure 3.2(a).
As seen in figure 3.2(b), a majority of the included angles for the volume elements lies
between 50◦ and 95◦ . Since a hybrid unstructured mesh is employed, twin peaks occur
in the volume mesh quality plot. The peak near 90◦ represents the quadrilateral faces
on the prisms while the peak near 60◦ represents the triangular faces on the prisms and
tetrahedra. The average included angle for volume elements was 72◦ . Only 1.2% of the
included angles were outside of a lower bound of a 30◦ or an upper bound of a 120◦ .
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Figure 3.3
Self-similar nodal spacing for each tube.

3.2.1

Mesh refinement strategy

To facilitate the mesh refinement study, four meshes were generated for the threegeneration planar and nonplanar models. The meshes for planar and nonplanar models
were generated using the same nodal spacing producing approximately the same number
of elements for both geometries. Table 3.1 shows statistical information for each mesh
generated for the planar and nonplanar three-generation bronchial tube models. The number of elements was approximately doubled for each refinement by decreasing the nodal
√
spacing in the surface mesh by a factor of 3 2. Surface meshes near the initial bifurcation
are shown for each mesh in figure 3.2.1. Figures 3.2.1(a)-(d) show enlarged views of the
surface mesh in the small rectangular region indicated in figure 3.2(a).
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(a) Surface mesh quality

(b) Volume mesh quality

Figure 3.4
Mesh quality plots showing the distribution of included angles.

It should be noted that the number of volume elements used in this mesh refinement
study is relatively large in comparison to other mesh refinement studies reported in the
literature [35, 39, 41, 57, 65, 82]. In addition to the obvious point that mesh convergence is
strongly dependent on the specific flow solver, this difference is attributed to the following.
First, the mesh convergence was demonstrated using secondary flow field metrics, such as
the vortex core location, which have not been employed in the past. Additionally, because
of the relatively small radius of the carina, a larger number of nodes is needed to resolve the
geometry in this region than in the other regions. Finally, an unstructured mesh requires
more cells to provide the same level of accuracy as a structured mesh [82].

3.3

Flow solver
The commercial CFD code FLUENT (version 6.2) was employed to simulate the

flow fields and particle deposition for steady-state and unsteady cases for the planar and
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(a) Baseline mesh

(b) Refinement 1

(c) Refinement 2

(d) Refinement 3

Figure 3.5
Surface mesh refinement near the first bifurcation in detail.
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Table 3.1
Statistical information for three-generation meshes.
Mesh

Nodes

Surface Elements Volume Elements

Baseline

390000

110000

1530000

Refinement 1

700000

180000

2880000

Refinement 2

1290000

290000

5500000

Refinement 3

2360000

470000

10600000

nonplanar, three-generation bronchial tube models. FLUENT uses a cell-centered, finitevolume based approach to solve the Navier-Stokes equations.
For steady-state flow field computations, a segregated solver was used to solve the
governing equations sequentially. This method solves the momentum equations as a first
step to generate a provisional velocity field. The pressure gradient term is then calculated
using the pressure from the previous iteration or an initial value. In a second step, the
pressure and velocity corrections are computed. The Semi-Implicit Method for PressureLinked Equations (SIMPLE) [85] algorithm was used for pressure-velocity coupling.
The velocities in the domain were initialized based on the inlet velocity. Since FLUENT uses a dimensional approach, all the variables are specified in standard SI units.
Residual norms were reduced to 10−9 to achieve iteration convergence. The second-order
upwind formulation was used to provide second-order spatial accuracy of the solution.
Typically, about 7,000 iterations were required to reach convergence. All computations
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were made using 16 processors in parallel on a cluster consisting of 512 Sun Microsystems SunFire X2200 M2 servers.
For the unsteady case, the governing equations were solved implicitly using first-order
temporal accuracy. Presumably, this is sufficient since it has been used by a number of
other researchers as reported in the literature [5, 57, 62]. A time step of 0.01 seconds
was used to advance the solution in time. This time step value is comparable to the time
steps used for similar problems [5, 57]. The residual norms were reduced by three orders
of magnitude at each time step. This provides accuracy comparable to that reported in
the literature [57, 62, 63, 64], in which the residual norms were reduced by two orders of
magnitude. Again, the decoupled equations were solved using segregated solver using the
SIMPLE algorithm for the pressure-velocity coupling.

3.3.1

Boundary conditions

The tube walls were assumed to be rigid and smooth. The no-slip boundary condition
was applied at the tube surface along with a zero normal pressure gradient assumption.
The velocity distribution at the inlet and the static pressure at the outlets were specified
explicitly. This defines the flow rate and differs from imposing a pressure difference between the inlet and outlets, which requires iteratively adjusting the pressure difference to
achieve the desired flow rate. In this study, the fully developed parabolic inlet velocity
profile was prescribed. The parabolic inlet velocity profile is given by

V (r) = Vmax 1 −
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 r 2 
R

(3.1)

where V (r) is the inlet velocity, the maximum velocity is Vmax , r is the radial position
in the inlet plane, and R is the radius of the tube at the inlet. A maximum velocity of
5.84m/s was needed to generate flows with a Reynolds number of 1,000, based on the
average inlet velocity and the parent tube diameter.
A constant static pressure (0P a gage) was specified at each of the four outlets, assuming the same pressure at each outlet of the three-generation airway. The total pressure at
the inlet was allowed to float in response to the imposed values of exit pressure. The assumption that the pressure is the same at each exit is not realistic considering the fact that
the bronchial tubes are not equally ventilated. However, due to the lack of precise knowledge of the pressure at the corresponding locations in the actual bronchial tree, many other
researchers have used a similar approach [3, 5, 10, 39, 41, 65]. Obviously, this will have
some impact on the results, in particular, flow partitioning. Evaluating the sensitivity to
exit boundary conditions is a topic for continued research.
In the unsteady simulations, the maximum velocity was varied with time as a sine-wave
to generate an oscillatory flow as shown in figure 3.6. The sinusoidal velocity variation is
given by
V (t) = Vmax sin (2πf t)

(3.2)

where V (t) is the maximum inlet velocity, t is the physical time in s, and f is the breathing frequency in cycle/s. To simulate a breathing condition corresponding to moderate
activity level in humans, a 30-respiration-per-minute breathing cycle was applied. A timevarying inlet velocity profile was obtained by replacing Vmax in equation 3.1 with V (t)
from equation 3.1. During inhalation, a uniform static pressure was applied at the exits and
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the total pressure at the inlet was allowed to float. During exhalation, the inlet and outlet
boundary conditions were reversed. The parabolic velocity profiles, with the sinusoidal
temporal variation, were applied at the four inlets of the third-generation branches. The
mass flow leaving the domain during inhalation was forced to re-enter the domain during
exhalation. The average inlet velocity imposed in each third-generation tube was determined from the average outlet velocity during the inhale phase. A static pressure of 0P a
gage was applied at the outlet from the parent tube, while the total pressure was allowed
to float at the four inlets.
1000

Reynolds number

500

0

500

1000

0

1
Time (s)

0.5

1.5

2

Figure 3.6
A sinusoidal flow variation with time at the inlet.

3.3.2

Particle trajectory computation

The particle trajectories were computed using a standard approach that includes the
effects of aerodynamic and gravitational forces while neglecting particle/particle interactions [86]. The temporal integration needed to compute the terminal position X(t; t0 , X0 ))
as a function of the final time t, initial time t0 , and initial position X0 is performed using
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a fifth-order Runge-Kutta algorithm [87] in the FLUENT Discrete Phase Model (DPM).
The particle trajectory computations for the steady flow cases were performed as a postprocessing step after the flow field computations were completed. For the unsteady simulations, the particle trajectory computations were carried out simultaneously with the flow
simulation. The particles were taken to be ten-micron water droplets with a density of
998.2kg/m3 . The air density was taken to be 1.225kg/m3 .
The initial particle release positions were defined by generating a planar, isotropic
triangular mesh on a disk that has a diameter slightly less than the local inlet tube diameter
and a normal parallel to the local tube axis. The particles are then distributed on the plane
at the nodes of the unstructured mesh. The number of nodes in the mesh is dependent on
the specified edge length of the mesh and the diameter of the disk. In these computations,
approximately 24,000 nodes (particles) were employed.
Since there is no information available about the velocities of the particles deep in the
small bronchial tubes, a reasonable approximation to the initial particle release conditions
is needed. Three possibilities are: 1) the initial particle velocity is equal to the fluid velocity, 2) the particle velocity is equal to zero, and 3) the particle velocity is equal to its
terminal velocity. However, all of these assumptions are not realistic, since the particle velocity includes history effects. However, the assumption that the particle velocity is purely
its terminal velocity undermines the fluid velocity effects. Therefore, the initial particle
velocities were computed by taking the relative velocity (difference between particle velocity and average fluid velocity) to be same as the terminal velocity. This assumption
cannot be claimed to be realistic. However, its use can be rationalized better than the other
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options. The following equation was used to calculate the initial particle velocity at the
inlet


V (p) = Vf +

2Wp
.
ρf CD Ap

(3.3)

Here, V (p) is the initial particle velocity, Vf is the average fluid velocity at the inlet for
the particular particle release time, Wp is the particle weight, ρf is the fluid density, CD is
the drag coefficient, and Ap is the area of the particle. It was assumed that these spherical
particles have a nondeforming constant mass.
A particle trajectory computation was terminated when the trajectory either intersects
the bronchial tube wall or exits the computational domain. When a particle trajectory intersects a boundary, it is assumed to be deposited on that boundary. In reality, it may be
deposited, rebound, break up, or enter into a chemical reaction that changes its properties [7]. Further, when a particle leaves the computational domain, its trajectory is terminated, whereas in reality, the particle continues to travel into subsequent generations of the
small airways where it may be deposited or return after the beginning of the exhale cycle
and be deposited in an upstream generation.
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CHAPTER 4
PARTICLE DEPOSITION VISUALIZATION

An appropriate visualization technique is needed to provide insight into the effects of
flow structures on particle transport and deposition. Existing methods discussed in the literature, such as plots of deposition efficiency [10, 39, 41, 53], deposition fractions [41, 63],
and deposition enhancement factors [41], provide information about the particle distributions once they impact or exit the bronchial tubes. However, they do not provide information about the interaction of flow structures and particulates. Particle tracing, while
more effective at elucidating the behavior of a specific particle or set of particles, requires
knowledge of the appropriate seed points to be effective. Displaying field variables in
volumes or cutting planes can also be useful but it provides only local information about
the flow. What is needed is a technique or combination of techniques that correlates local
information about the flow with global information such as particle deposition patterns.

4.1

Finite-time Lyapunov exponent
One possible approach to characterize particle/flow structure interactions is to em-

ploy finite-time Lyapunov exponent (FTLE). Haller [15] utilized FTLE to characterize
Lagrangian coherent structures in transient and steady-state flows. The FTLE defines
“asymptotically stable and unstable coherent structures in terms of the loci of maximized
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dispersion of closely seeded particles” [79] and therefore provides an indication of the
coherence of particles during their travel through the airway. Thus, the FTLE provide a
mechanism to describe a global phenomenon (particle deposition) in terms of field values and, in some sense, couples the Lagrangian (particle-based) and Eulerian (field-based)
viewpoints. Unfortunately, computing the three-dimensional FTLE field for a large-scale
CFD simulation is prohibitive from a cost standpoint because it requires many (typically
millions) Lagrangian particle trajectory computations. The approach proposed by Garth
et al. [79] to compute and display the FTLE on planar subsets is employed in order to
mitigate the cost of computing FTLE in a full three-dimensional domain. However, the interest of this research is in the FTLE map for the inhaled particulate rather than the FTLE
map for the fluid particles.
Borrowing from the nomenclature of Garth et al. [79], let X0 be the starting position of
a particle i at starting time t0 , and X be the terminal position at fixed time t = t0 + Δt. In
this context, the value of t is taken to the time when all of the particles have either exited
the domain or been deposited on the tube surface. The particle position X is a function
of the final time, the initial time, and the initial position X(t; t0 , X0 ). The computation of
FTLE involves determining the spatial gradients of the final position of a point X(t; t0 , X0 )
with respect to its release point X0 = X(t0 ; t0 , X0 ). This provides the sensitivity of the
terminal position of a particle with respect to changes in its initial position.
The spectral norm of the gradients at a point provides the maximized dispersion of
particles around the particle initially located at this point. The spectral norm of any general
matrix A ∈ R3 is equal to the square root of the maximal eigenvalue of the positive definite
41

symmetric matrix AT A [88]. Therefore, the maximum dispersion of the particle initially
located at (X0 ) is given by:

(X0 ) =



λmax X0 X (t; t0 , X0 )T X0 X (t; t0 , X0 ) .

(4.1)

The FTLE value, which represents the average exponential of the dispersion rate, is obtained by dividing the logarithm of (X0 ) by the time interval Δt as shown in the equation
below:
1
Λ(t; t0 , X0 ) =
log
Δt


λmax




X0 X (t; t0 , X0 ) X0 X (t; t0 , X0 ) .
T

(4.2)

Higher FTLE values indicate a tendency of nearby particles to disperse while lower FTLE
values indicate less dispersion of the particles.
The FTLE field was calculated on the particle release plane using Equation 4.2. The
gradient of the final particle position with respect to particle release position was approximated using a linear fitting of the data on the triangular particle release mesh. The computed FTLE value was then assigned to its respective triangle for visualization purposes.

4.1.1

Comments on this approach

It should be noted that this technique is concerned with the FTLE map of the inhaled
particulate, not the air flow. Typically, FTLE computations for flow visualization employ
massless particles that are assumed to move with the fluid, i.e., the particle velocity is equal
to the local fluid velocity. In general, this is not true for a particle with mass. Therefore,
a particle with mass cannot be seeded in the interior of the domain unless its velocity
is known at the seed point and the usual approach of locating a feature in the flow and
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seeding particles in the region near the feature is not feasible. Further, since the trajectories
of particles with mass may cross [89], the particle velocity at a given point in space and
the mapping X(t; t0 , X0 ) are, in fact, multi-valued at points where particles cross and the
FTLE does not exist. To avoid this problem, the FTLE field computations were made only
on the planar surface that is used to define the initial particle release positions X(t; t0 , X0 ),
which ensures that the mapping is single-valued and the FTLE exists.
Garth et al. [79] argue that the two-dimensional FTLE map is meaningful for a plane
whose normal is nearly parallel to the local fluid motion because the plane is orthogonal to
suspected Lagrangian coherent structures in the flow and that particle separation along the
resulting material lines is minimal. In the cases discussed here, the predominant motion
of the inhaled particulate near the inlet is along the local axis of the tube. Therefore, it is
anticipated that this approach will work well for this data since the particle release mesh
is aligned so that its normal is parallel to the local tube axis.
It should also be noted that this approach is not really appropriate for predicting the
particle deposition map. The reason for this is that a uniform distribution of particles at
the inlet is assumed, which is unrealistic. However, the uniform particle distribution is
appropriate for determining the particle destination map and the FTLE map. The FTLE
map for particle deposition in the planar three-generation model at the inlet plane is shown
in figure 4.1.
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Figure 4.1
Particle deposition visualization in planar model – FTLE map.

4.2

Particle destination map
An alternative approach for visualizing particle deposition is the particle destination

map [10, 14]. In the implementation, the particle destination map shows the final position
of a particle, in the form of a scalar field, as a function of the particle’s release position as
shown in figure 4.2(a). First, the surfaces of the computational domain are decomposed
and assigned a value (see figure 4.2(b)), which is associated with a scalar map. It should
be noted that this domain decomposition is arbitrary. Then, trajectory computations were
employed to determine the zone in which a particle is deposited or through which it exits
the computational domain. The scalar associated with this zone is then assigned to the
particle’s release position. Deposition zone boundaries in the destination map correspond
to large FTLE values when the deposition zones have significant spatial separation.
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(a) particle destination map

(b) particle deposition zones
Figure 4.2
Particle deposition visualization in planar model.
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CHAPTER 5
RESULTS

The results from steady-state and oscillatory flow simulations and particle deposition
simulations for planar and nonplanar asymmetric, three-generation bronchial tube models
are presented in this section. First, the numerical results from this study are validated by
comparison with experimental data from the literature for an asymmetric, two-generation,
planar bronchial tube model. A mesh refinement study was carried out for flow in an
asymmetric, two-generation, planar bronchial tube model to ensure that the mesh converged solution was obtained for comparison with experimental data. Mesh independence
of solutions for the three-generation models was demonstrated for flow fields and particle
deposition for steady-state inspiratory flows. The effects of nonplanarity and asymmetry
on the bronchial tube flows and particle deposition were then analyzed. The effects of a
periodic inlet velocity, corresponding to inhale and exhale cycles, on the flow and particle
deposition for both planar and nonplanar models were also examined.

5.1

Validation of computational results: Two-generation planar model
Validation of the numerical techniques was accomplished by comparing computed

results with the experimental data of Faraq et al. [90] for the asymmetric, two-generation
planar geometry of Hammersley and Olson [31]. In the experimental study, steady-state
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inhalation was modeled at Reynolds numbers of 750 and 1,500, based on the parent tube
diameter. A laser Doppler velocimeter with an 8-W argon ion laser beam (LDA) was used
to measure velocities at various locations. A monotonically increasing velocity profile was
introduced at the inlet of the model. The approximate error for the experimental results,
estimated by comparing the calculated and measured flow rate, was 3.75% of the average
flow rate entering in the parent tube. A flow separation was observed in the parent tube
toward the small daughter tube side.

5.1.1

Numerical simulation

An asymmetric two-generation bronchial tube model was constructed as shown in
figure 5.1 using the fundamental unit of bronchial tree shown in figure 3.1. A constant
length to diameter ratio in each generation was preserved by adding sections at the inlet
as well as both outlets of the fundamental unit. A steady-state inspirational flow was
simulated in the two-generation bronchial tube model for a Reynolds number of 1,500.
In order to mimic the boundary conditions used in the experiment, a constant velocity
was defined at the inlet. However, due to the effects of the no-slip condition on the tube
walls, the inlet profile did not have a smooth monotonically increasing velocity profile as
shown in figure 5.2(a). Instead, it had overshoots near the boundary (see figure 5.2(b)).
To resolve this problem, a tube section with a slip boundary condition was introduced
at the entrance as shown in the darker shade in figure 5.1. A uniform velocity profile
was imposed at the new inlet of the geometry. This added section provided a way for
the flow to adjust the sudden imposition of the no-slip condition at the actual inlet of the
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Figure 5.1
Two-generation model used to validate experimental data

two-generation model (i.e. light shaded region in figure 5.1). It should be noted that
the entrance section is needed only for developing an appropriate inlet velocity profile
for the actual geometry. It should also be noted that the computational geometry may
slightly differ in the transition region due to the complexity of the actual geometry near
the bifurcation, which was not available. The same number of nodes was employed to
generate the surface mesh in each tube based on the self-similar meshing strategy described
in section 3.2.

5.1.2

Mesh refinement study

Before the comparisons of experimental and numerical data were made, mesh convergence of the solution was demonstrated to ensure the credibility of the numerical results.
48

1

0.8

0.8

Nondimensional velocity

Nondimensional velocity

1

0.6
0.4
0.2
0
-1

-0.5

0
0.5
Nondimensional radius

0.6
0.4
0.2
0
-1

1

(a) with inviscid section

-0.5

0
0.5
Nondimensional radius

1

(b) without inviscid section

Figure 5.2
Primary velocity profiles at the inlet of two-generation model.

Four meshes were considered for a mesh refinement study. Statistical information about
these meshes is given in table 5.1. The number of elements was approximately doubled for
√
each refinement by decreasing the nodal spacing in the surface mesh by a factor of 3 2.
The primary velocity profiles at various sections and the intensities of the secondary
flows were used as metrics for mesh refinement study. The sections where the primary
velocities were extracted in the parent tube and the daughter tubes are shown in figure 5.3.
Figures 5.4-5.6 show plots of the primary nondimensional velocity versus the nondimensional radius for each refinement at the various locations shown in figure 5.3 in the parent
tube, large daughter tube and small daughter tube, respectively. The directions of the line
segments for the plots shown in figures 5.4-5.6 are also shown in figure 5.3. The velocities
are nondimensionalized by the average velocity at the inlet, while the radius was nondimensionalized by the parent tube radius in the parent tube, and the respective daughter
tube radii in the large and small daughter tubes.
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Table 5.1
Statistical information of meshes for validation model.
Mesh

Nodes

Surface Elements Volume Elements

Baseline

290000

52000

950000

Refinement 1

510000

83000

1760000

Refinement 2

900000

134000

3300000

Refinement 3

1590000

213000

6500000

(a) In parent tube

(b) In daughter tubes

Figure 5.3
Location and direction of sections in the parent tube and daughter tubes.
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Figure 5.4
Primary velocity profiles at various locations in parent tube.
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Figure 5.5
Primary velocity profiles at various locations in large granddaughter tube.
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Figure 5.6
Primary velocity profiles at various locations in small granddaughter tube.
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1

Based on the results shown in figures 5.4-5.6, it is evident that the differences between
the primary velocities become smaller as the mesh is refined, thereby showing that the
solution is approaching mesh convergence. It can be seen from the figures that there are
minimal differences in the velocity profiles between refinement 2 and refinement 3.
The intensity of secondary velocities in the both daughter tubes was also computed
for mesh refinement purposes. The intensity of the secondary velocity is defined as the
ratio of the averaged secondary velocities with respect to the averaged local primary velocity in each daughter tube. Figures 5.7(a) and 5.7(b) show the variation of intensity of
the secondary velocities with the mesh refinement for the large and small daughter tubes,
respectively. It can be observed that the differences in the secondary velocity intensities
become smaller as the meshes are refined showing the solution is approaching mesh independence. The changes in the intensity of the secondary velocity in both daughter tubes
between refinement 2 and refinement 3 are less than 2.5% of the local intensity of the secondary velocities in the finest mesh. Based on these observations, it can be concluded that
refinement 2 and refinement 3 provide mesh independent solutions.

5.1.3

Comparison of the numerical results with experimental data

The numerical results for refinement 2, which showed mesh independence, were utilized to validate the numerical results with experimental data. The primary velocity profiles in the parent tube and the daughter tubes are compared to the numerical results for a
Reynolds number of 1,500. It should be noted that the experimental data were reproduced
by extracting data manually from the images in the report given by Faraq et al. [90]. The
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Figure 5.7
Variation of intensity of secondary velocity with mesh refinement

data extraction process may have introduced additional error, since the quality of the images was not superior to begin with. In order to mimic the flow rate from experimental
data, the mean velocity at section l1 in the parent tube was approximated from the plot
shown in figure 5.8(a). These extracted values were utilized to match the flow rate in the
numerical results.
In the numerical results, approximately 67.8% of the flow enters the larger daughter
tube. This value is in good agreement with the experimental data in which 68% of the
flow entered the larger daughter tube. It is also observed in the computational results that
secondary velocities in the large and small daughter tubes are 28% and 35% of the local
averaged axial velocities, respectively. These values are slightly lower than the values
reported in the literature (i.e. 35% and 40% for the large and small daughter tubes, respectively). The numerical results show that the secondary flows are more pronounced in
the smaller daughter tube as compared to the large daughter tube. A similar behavior was
reported in the experimental data.
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The primary velocity profiles, plotted against the nondimensional parent tube radius
at various locations in the parent tube, are shown in figures 5.8 for the experimental and
computational data. The locations and orientations of the line segments are shown in figure 5.3. The overall accuracy of the experimental data that was reported in the literature is
illustrated in the form of error bars. Figure 5.8 shows that the primary velocity profiles for
the numerical results show good agreement with the experimental data both qualitatively
and quantitatively as demonstrated by the velocity profile shapes and the primary velocity
values, respectively. Unlike the experimental results, the computational plots do not show
flow reversal for the sections near the bifurcation region in the parent tube, as shown in
figures 5.8(c), and 5.8(d) at segments p3 and p4, respectively. This may be attributed to the
fact that it is likely that there are some differences in the geometry of the transition region
at the bifurcation between the actual experimental model and the computational model.
The primary velocities in both the large and small daughter tubes were compared with
the experimental results as shown in figures 5.9(a)-(d), and 5.10(a)-(d), respectively. The
quantitative agreement of the computational and experimental results deteriorate at some
locations, especially in the small daughter tube (see figure 5.10(a)). The geometrical differences in the transition regions near the bifurcation may be responsible for this since line
segment s1 is in close proximity to the bifurcation. Based on the velocity profile shapes
in the plots (figures 5.9(a)-(d), and 5.10(a)-(d)), it is shown that the computational results
agree reasonably well with the experimental data qualitatively. These results suggest that,
within the limitations of the uncertainty regarding the geometry, the CFD simulation is
able to effectively capture the fundamental flow physics.
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Comparison of primary velocity profiles at various locations in parent tube.
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Comparison of primary velocity profiles in large granddaughter tube.
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Comparison of primary velocity profiles in small granddaughter tube.
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1

5.2

Steady-state inspiratory flow: Three-generation models
In this section, the results from simulations of steady-state inspiratory flows and par-

ticle trajectories in planar and nonplanar, asymmetric, three-generation airway models are
presented. The flows were simulated using the four meshes described in table 3.1 in order to demonstrate mesh independence. The simulations were performed for a Reynolds
number of 1,000 based on the initial parent tube diameter and mean velocity. The particle
trajectory simulation was carried out as a post-processing step as described in section 3.3.2.
The initial velocity of the particles at the inlet was assumed to be a superposition of the
particle terminal velocity and the fluid velocity as discussed in section 3.3.2.

5.2.1

Effects of nonplanarity on bronchial tube flows

The combined effects of nonplanarity and asymmetry on the primary and secondary
flows are evaluated in this section. Mesh convergence of the primary and secondary flows
for each configuration is also demonstrated. Please refer to figure 5.11 for the locations and
orientations of the curves and surfaces on which data were extracted. In the descriptions
that follow, reference to the bifurcation plane and the normal to the bifurcation plane will
be made. Figure 5.12 shows three-dimensional surface plots of axial velocity profiles at
aa . Figure 5.12(a) shows the orientation of the bifurcation plane, which is the plane of
symmetry of the local bifurcation, and the intersection of the axial velocity profile with
the bifurcation plane. Figure 5.12(b) shows the plane normal to the bifurcation plane and
the intersection of the axial velocity profile with this plane.
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Figure 5.11
Locations of curve segments as well as cutting planes.

(a) Bifurcation plane

(b) Plane normal to the bifurcation plane

Figure 5.12
Three-dimensional surface plots of axial velocity profiles – aa .
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5.2.1.1

Mesh convergence of the primary flow

Mesh convergence for the primary flow is evaluated by monitoring the changes in the
skin friction coefficient, mass flow distribution, and axial velocity profiles between meshes
as metrics.
The sensitivity of the solution to the mesh can be demonstrated by observing changes
in the skin friction coefficient as the mesh is refined. The non-dimensional skin friction
coefficient cf can be defined in terms of the wall shear stress τw as:

cf =

2τw
.
2
ρU∞

(5.1)

Here, ρ is the air density and U∞ is the free stream velocity. Since cf is dependent on
wall shear stress (which is a function of velocity derivatives), it is quite sensitive to mesh
spacing. Skin friction data were extracted along the intersection of a plane with the tube
surface in the carinal regions of each of the second-generation bifurcations to ascertain if
the solution is independent of the mesh in these regions. These curves are highlighted in
red and labeled “1” and “2” in figure 5.11. The skin friction coefficient plots for the planar
and nonplanar models are shown in figures 5.13 and 5.14, respectively. In figures 5.13(a),
5.13(c), 5.14(a) and 5.14(c), the differences in cf between the refinements are not visible. Detailed views of selected intervals are shown in figures 5.13(b), 5.13(d), 5.14(b)
and 5.14(d) for better clarity. The detailed plots show that the differences decrease as the
mesh is refined. This suggests that the solution is approaching mesh independence. It
should be noted that there are still small differences between the computed skin friction
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distributions for refinement 2 and refinement 3, but they are less than 1% of the average
skin friction value for both the planar and nonplanar three-generation models.
The mass flow rates entering the branches for the planar and nonplanar models were
plotted to demonstrate mesh convergence of the primary flow. Figure 5.15 shows the mass
flow rate at locations aa , bb , cc , and dd in the planar model (see figure 5.11) for each
refinement. Similarly, figure 5.16 shows the variation in mass flow in kg/s with refinement
in equivalent locations in the nonplanar model. In these plots, refinement 0 corresponds to
the baseline mesh. It should be noted that the y-axis scales vary significantly from plot to
plot.
Convergence of the mass flow rate is observed in the planar and nonplanar configurations in figures 5.15(a)-(c), and 5.16. Slightly larger differences between refinement 2
and refinement 3 were found at location dd as shown in figure 5.15(d) for the planar case.
However, the mass flow differences between refinement 2 and refinement 3 were found
to be less then 0.2% of the local average mass flow in each tube. This implies that mesh
independent solutions have been achieved for refinement 2 and refinement 3 in terms of
mass flow in each tube for both the planar and nonplanar models.
Velocity profiles at different sections in the planar and nonplanar airway models are
shown in figures 5.17-5.20. The velocity parallel to the local tube axis was extracted along
a segment in the bifurcation plane for each of the cross-sections aa , bb , cc , and dd (see
figure 5.11). The primary velocity was plotted as a function of distance along the segment.
The distance was measured from the outside of the curve to the inside of the curve. It
is evident from the velocity distribution plots that the differences become smaller as the
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Distribution of skin friction coefficient cf – planar.
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Variation of mass flow entering in second and third generations – planar.
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mesh is refined. The differences between refinement 2 and refinement 3 were found to be
less then 1% of the local mean velocity. This suggests that a mesh independent solution
for primary flow has been achieved for refinement 2 mesh in both the planar and nonplanar
models.
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Figure 5.17
Primary velocity distribution in bifurcation plane – aa .

Based on the skin friction coefficient distribution plots, mass flow distribution plots
and velocity profiles, the primary flow on the meshes denoted as refinement 2 and refinement 3 can be considered to be mesh independent for both the planar and nonplanar
configurations.

5.2.1.2

Effects of nonplanarity on the primary flow

In this section, primary flows computed for the planar and nonplanar bronchial tube
models are compared. Since the primary flow was shown to be mesh converged for refine-
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Primary velocity distribution in bifurcation plane – bb .
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Primary velocity distribution in bifurcation plane – cc .
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Primary velocity distribution in bifurcation plane – dd .

ment 2 in the previous section, refinement 2 solutions for the planar and nonplanar models
were utilized in order to evaluate the combined effects of asymmetry and nonplanarity on
the primary flow.
The mass flow fractions entering each tube for the planar and nonplanar models are
shown in figure 5.21. The axial velocity profiles at various cross-sections are also shown in
figure 5.21. In each case, the velocity profile is skewed toward the outside of the curve due
to inertial effects. An unequal distribution of the flow is observed at the first bifurcation
because of the asymmetry of the models. There are slight differences between the flow
distributions in the second-generation branching tubes of the planar and nonplanar models.
However, the differences are approximately 0.5% of the mass flow entering the parent tube.
This suggests a minimal impact of nonplanarity on the upstream flow.
In the planar case, where the second-generation and third-generation branching tubes
are in the same plane and the velocity profiles are already skewed toward the medial
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(a) Planar model

(b) Nonplanar model (rotated for better view)

Figure 5.21
Mass flow fractions – axial velocity profiles colored by velocity.

branch, more flow will tend to go into the medial branching tubes. However, the medial branches are smaller in diameter than the lateral branches resulting in an almost equal
flow partition in the third-generation tubes. In contrast, for the nonplanar case, an imbalanced flow partition is observed because more flow goes into the larger tubes in the
third-generation branches. These results can be contrasted to results from simulations of
symmetric nonplanar models that show a more balanced flow partitioning in the nonplanar
case than in the planar case [56] and demonstrate the importance of considering asymmetric branching in the geometric description.
Axial velocity profiles for planar and nonplanar cases are shown in figures 5.22 and 5.23.
Consider the segments passing through the center of the cross-section in the plane of the
bifurcation as well as the plane normal to the bifurcation. The axial velocity profiles were
plotted as a function of the distance from the edge of the tube.
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Figure 5.22
Comparison of the velocity distribution in second-generation.
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Comparison of the velocity distribution in third-generation.
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The axial velocity profiles in the planar and nonplanar cases are very similar as seen in
figures 5.22(a)-(d) and are suggested by the mass flow partition discussed in the previous
section. Again, this suggests that the nonplanarity has little impact on the upstream flow.
In the sections in the bifurcation plane, the velocity profiles are skewed toward the outside
of the turn due to the effects of the turn as shown in figures 5.22(a) and 5.22(c). In the
plots where the sections are perpendicular to the bifurcation plane, the velocity profiles
are deformed due to the presence of the secondary flows and generate the “M-shaped”
velocity profiles seen in figures 5.22(b) and 5.22(d). These observations are in qualitative
agreement with the experimental study by Schroter and Sudlow [91]. The axial velocity
profile in the small daughter tube shows more prominent “M-shaped” profile as shown in
figure 5.22(d) since the vortices here are closer to the the centerline of the cutting-plane as
shown in figure 5.24(b).
Now consider sections in the bifurcation plane in the third generation. Significant
differences between the axial velocity profiles for the planar and nonplanar models are
observed at various sections as shown in figures 5.23(a)-(d). This result illustrates the
considerable impact of the nonplanarity on the local primary velocity profiles. As observed
previously, in the largest granddaughter tube (at cc ), higher axial velocities were found in
the nonplanar case (figure 5.23(a)), whereas in the smallest granddaughter tube (at dd ),
higher axial velocities were found in the planar case as shown in figure 5.23(c). Since the
planar geometry is symmetric to the plane of bifurcation, this symmetry is evident in the
velocity profiles for the planar model at the sections perpendicular to the bifurcation plane
as shown in figures 5.23(b) and 5.23(d). The same cannot be said about the nonplanar
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model, since the symmetry with respect to the bifurcation plane is lost. The velocity
profile in the normal section is not deformed (see figure 5.23(d)) because the segment
passes through the center of the tube and does not cross any of the vortices.

5.2.1.3

Mesh convergence of the secondary flow

The results from section 5.2.1.1 only give an indirect indication of the mesh convergence of the secondary flows in the planar model. Since secondary flow fields in the
bronchial tube need to be resolved, the convergence of these vortex-dominated flows are
measured more directly. In this section, the effects of mesh refinement are analyzed while
concentrating on the secondary flow fields.
The location of a vortex core is one of the important physical attributes of a vortex.
Therefore, the difference in vortex core position between refinements was chosen as a
metric to assess mesh independence of the secondary flows. The vortex core position was
approximated manually by locating center of the rotation from cross-flow velocity vector
representation in the cross-section plane. To view the vortex patterns in each cross-section,
the cross-flow velocity vectors were plotted on the cutting plane, which was shaded by total
velocity magnitude. Only every third vector was plotted for clarity. In these images, the
direction of the bifurcation plane (BB ) and the plane normal to the bifurcation plane (NN )
are explicitly indicated. First consider the counter rotating vortex pair in the daughter
tubes after the first bifurcation as seen in figures 5.24(a) and 5.24(b) at cross-sections aa
and bb in figure 5.11, respectively. Figures 5.25(a) and 5.25(b) show the core locations
as a function of the number of mesh refinements for the planar and nonplanar models,
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respectively. The baseline mesh is again designated as refinement 0. The vortex location
is expressed in terms of the distance from the center of the cross-section to the estimated
vortex core position. The local edge length in the mesh for refinement 3 is considered as a
error bound since it provides an indication of the fluctuation of the vortex position inside
a cell of the finest mesh.
As can be seen in figures 5.25(a), 5.26(a), and 5.26(b) there are only nominal differences between the left and right vortex core locations in the solutions computed after two
refinements and three refinements. Further, these differences are within the corresponding
error bound, which is the local edge length. This is not the case in the larger daughter tube
of the nonplanar model as shown in figure 5.25(b). However, the changes in the vortex
core positions are less than the local edge length in the mesh for refinement 3 (7e-5m),
again suggesting that a mesh independent solution for both the planar and nonplanar cases
are approaching. It should be noted that, within each cross-section, the left and right vortices are located at nearly the same position for refinement 3. This is because both the
planar and nonplanar models are symmetric in the second generation with respect to the
bifurcation plane.
Now consider cross-sections in the third-generation for the planar and nonplanar cases
at section cc (see figure 5.11). The symmetric velocity pattern of a vortex pair is seen in
figure 5.27(a) for the planar model, while an asymmetric pattern is seen in figure 5.27(b)
for the nonplanar model. The plots of vortex positions as a function of refinement are
shown in figure 5.28(a) for the planar case. There are three vortices that can be identified in this cross-section contributing to an asymmetric vortex pattern; however, only one
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(a) Vortices in cross-section aa

(b) Vortices in cross-section bb

Figure 5.24
Cross-flow velocity vectors on cutting planes colored by velocity.
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Figure 5.25
Variation of vortex positions in cross-section aa (local edge length=7e-5m).
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Figure 5.26
Variation of vortex positions in cross-section bb (local edge length=5e-5m).

vortex in the center of the cross-section shows a well-defined core location. Therefore,
the core position of the vortex in the center of the cutting plane will be considered for the
mesh refinement study at the cross-section cc for nonplanar model. Figure 5.28(b) shows
the variation of the vortex core locations as a function of the refinement. For both the
planar and nonplanar models, the plots show convergence of the vortex core positions at
refinement 2 based on the local edge lengths at cross-section cc .
The vortex patterns and core position plots in the smallest granddaughter tube for the
planar and nonplanar models are shown in figures 5.29, 5.30, and 5.31. Two symmetric
vortex pairs are observed in figure 5.29 for the planar model. The asymmetry in the nonplanar vortex pattern is again evident from figure 5.31(a). Convergence of the estimated
vortex core positions with mesh refinement for the planar and nonplanar models is demonstrated in figures 5.30(a), 5.30(b), and 5.31(b). The symmetry of the vortices in the planar
model is evident from the vortex position plots. Figures 5.30(a) and 5.30(b) illustrate that
changes in the vortex core positions between refinement 2 and refinement 3 are within
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(a) Planar model

(b) Nonplanar model

Figure 5.27
Cross-flow velocity vectors on a plane cc colored by velocity.
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Figure 5.28
Variation of vortex positions in cross-section cc (local edge length=4e-5m).
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Figure 5.29
Cross-flow velocity vectors on a plane dd colored by velocity – planar.
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Figure 5.30
Variation of vortex positions in cross-section dd (local edge length=2.5e-5m).
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Figure 5.31
Mesh convergence of secondary flows in the cross-section dd – nonplanar.

the local cell size (2.5e-5). Hence, it can be concluded that the vortex core positions are
converged for refinement 2 in cross-section dd for the planar model. The same can be
concluded from figure 5.31(b) for the well defined top and bottom vortices in the crosssection dd of the nonplanar model. This indicates that the secondary flows have become
mesh independent for refinement 2 in the smallest granddaughter tube for both the planar
and nonplanar models.

5.2.1.4

Effects of nonplanarity on the secondary flows

In this section, the results from simulations of the secondary flows in the planar and
nonplanar asymmetric bronchial tube models are compared. Since the secondary flows
were shown to be converged for refinement 2 in the previous section, refinement 2 solutions of the planar and nonplanar models are utilized in order to evaluate the effects of
nonplanarity on the secondary flows.
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Consider the planar case first. After the first bifurcation, a vortex pair is generated in
both the larger and the smaller daughter tubes as shown in figures 5.25(a) and 5.25(b). The
velocity profile entering the medial branch of the larger daughter branch is skewed toward
the inside of the turn resulting in a low momentum region at the wall on the outside of the
turn as shown in figure 5.21(a). A vortex pair is generated due to this low momentum at
the wall outside of the turn. Also, a vortex pair is generated at the inside wall of the turn.
The four resulting vortices are seen in the medial branch in figure 5.29. The same is not
true for the lateral branches since the low momentum region has developed at the inside of
the turn. Therefore, only a single vortex pair is generated in the lateral branches as seen in
figure 5.27(a).
Now consider the vortices in the nonplanar airway model. The vortices generated after
the first bifurcation have a significant effect on the vortices generated after the second
bifurcation. Now focus on the third-generation branch off the larger daughter tube. The
newly generated vortex pair is overpowered by the previously existing vortices and only a
single vortex pair exists in the largest granddaughter tube as shown in figure 5.27(b). In
the smaller granddaughter off the smaller daughter tube, three distinct vortices are seen
in figure 5.31(a). A vortex pair is generated here due to the turning of the flow. The
secondary flows in the asymmetric nonplanar model are quite complex in comparison to
the secondary flows in the symmetric nonplanar models described in the literature [9, 56].
In the symmetric nonplanar three-generation case, the vortices in the second-generation
daughter tubes bifurcate and each goes into a separate daughter tube in the third generation.
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5.2.1.5

Summary

An in-depth study of steady-state laminar inspiratory flows in planar and nonplanar,
three-generation asymmetric airway models was performed. Comparisons of the primary
and secondary flows for the planar and nonplanar geometries were made in order to understand the combined effects of asymmetry and nonplanarity. A mesh refinement study was
performed to assure the solutions were mesh independent. Mesh independent solutions
were obtained for primary as well as secondary flows after the second refinement in the
planar and nonplanar three-generation airway models. The following can be summarized
from the numerical results:
1. The vortical flow patterns in the third-generation branches were significantly different in the planar and nonplanar configurations. Since the planar model is symmetric
with respect to the bifurcation plane, the vortices produced symmetric patterns. This
symmetry was lost in the nonplanar model and asymmetric vortex patterns were observed. The secondary flows become quite complex when both nonplanarity and
asymmetry are included in the bronchial tube models.
2. The mass flow distributions in the third-generation branches were the most affected
by nonplanarity. An imbalanced flow distribution was observed in the nonplanar
case in contrast with the planar case. The velocity profiles at equivalent sections
were quite different in the planar and nonplanar cases. The effect of nonplanarity
was shown to be minimal on the upstream primary flows.

5.2.2

Effects of nonplanarity on particle deposition

In order to gain understanding of particle deposition in the bronchial tubes, particle
trajectories were simulated in the planar and nonplanar bronchial tube models. A mesh
refinement study for particle deposition is as essential as it is for the flow fields. Mesh
independence of the primary and secondary flows shows only indirect evidence of the mesh
independence of the particle deposition in the bronchial tubes. This fact was confirmed
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by a mesh refinement study focusing on particle deposition in the planar and nonplanar
models.
Before studying the mesh convergence of the particle deposition, the number of particles needed for an effective particle deposition study must be determined. Four triangular
meshes were utilized to define the release points of the particles at the inlet of the threegeneration planar model. The number of nodes was approximately doubled to see the
variation in particle deposition. The minimum number of particles used for this study
was 6,000, and the maximum number of particles was 48,000. The other two cases contained approximately 12,000 and 24,000 particles. The particle deposition efficiency and
Root Mean Square (RMS) of the particle distance were used as metrics to evaluate convergence. The particle deposition efficiency is the percentage of particles that deposit on the
tube walls. It should be noted that the goal of this study was solely to identify a sufficient
number of particles to release at the inlet of the bronchial tube model and is independent
of the mesh refinement study of the three-generation planar and nonplanar models.
Figure 5.32 shows that, as the number of particles that are released from the inlet
increases, the differences between particle deposition efficiency and RMS of particle distance for consecutive meshes decreases. Based on the plots shown in figure 5.32, the
cases with 24,000 particles and with 48,000 particles show differences less than 0.05%.
This justifies the use of particle release meshes with either 24,000 or 48,000 nodes. Figures 5.33(a)-(d) show FTLE maps at the inlet of the three-generation planar model for all
four cases. The FTLE maps provide qualitative confirmation of the fact that the cases with
24,000 particles and 48,000 particles provide adequate particle deposition results. From
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figure 5.33, it can be observed that the quality of the FTLE maps, in terms of the internal
details, increases as the number of particles released from the inlet increases. The FTLE
maps for the cases with 24,000 and 48,000 particles, shown in figures 5.33(c) and 5.33(d),
respectively, show satisfactory results in terms of the details of FTLE maps. Therefore, a
triangular mesh with approximately 24,000 nodes was selected to define particle release
positions at the inlet for particle deposition studies in the bronchial tubes.
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Figure 5.32
Variation of particle deposition variable with number of particles.

5.2.2.1

Mesh convergence of particle deposition

The meshes shown in table 3.1 were employed for the mesh refinement study of particle deposition. The particle deposition efficiencies, RMS of the distances that particles
travel, and differences in the FTLE maps for two consecutive mesh refinements were used
as metrics for the mesh refinement study of particle deposition for the planar and nonplanar three-generation models. The plots in figure 5.34 show the variation of the par-
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(a) Triangular mesh with 6,000 nodes

(b) Triangular mesh with 12,000 nodes

(c) Triangular mesh with 24,000 nodes

(d) Triangular mesh with 48,000 nodes

Figure 5.33
FTLE maps for various number of particles.
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ticle deposition efficiencies with mesh refinement in the planar and nonplanar models.
Here, refinement 0 represents the baseline mesh. Plots for the planar and nonplanar models demonstrate that the particle deposition efficiency variations are small (see the y-axis
scale). The differences in the values between refinement 2 and refinement 3 meshes have
increased; however, these differences are found to be no more than 1.2% of the particle
deposition efficiency in the finest mesh. The RMS values for the distances particles travel
show minimal variation with mesh refinement (see figure 5.35). These results show that the
refinement 2 and refinement 3 meshes provide reasonable solutions for particle deposition
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Figure 5.34
Variation of particle deposition efficiency with mesh refinement.

In order to quantify the mesh convergence of the particle deposition, the differences between FTLE maps for two consecutive refinements were plotted as shown in figures 5.36
and 5.37 for the planar and nonplanar models, respectively. Figures 5.36(a), 5.36(b)
and 5.36(c) show the FTLE differences in two consecutive meshes starting from coarse
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Figure 5.35
Variation of RMS of particle distance with mesh refinement.

to fine in the three-generation planar bronchial tube model. It can be observed from figure 5.36(a) that the FTLE-difference map for two coarse meshes (i.e. baseline and refinement 1 meshes) show relatively high FTLE-difference values. As the meshes are refined
the FTLE-difference maps become cleaner, and finally show small differences as shown in
figure 5.36(c) between refinement 2 and refinement 3. Similarly, for the nonplanar model,
the FTLE-difference maps show cleaner patterns as the meshes are refined (figures 5.37(a),
5.37(b), and 5.37(c)).
Based on the observed results, refinement 2 and refinement 3 showed mesh convergence in terms of particle deposition in the planar and nonplanar, three-generation models. These observations are consistent with the mesh refinement study of the primary and
secondary flow fields described in section 5.2. Therefore, it can be concluded that refinement 2 and refinement 3 meshes produce mesh converged solutions for the primary
and secondary flows, and particle deposition in the planar and nonplanar, three-generation
bronchial tube models.
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(a) baseline and ref1

(b) ref1 and ref2

(c) ref2 and ref3

Figure 5.36
FTLE-difference maps for two consecutive meshes – planar.

(a) baseline and ref1

(b) ref1 and ref2

(c) ref2 and ref3

Figure 5.37
FTLE-difference maps for two consecutive meshes – nonplanar.
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5.2.2.2

Particle deposition – planar geometry

The deposition zone diagram, the particle destination map, and the FTLE map on a
cross section located at the inlet are shown in figures 5.38(a), 5.38(b), and 5.38(c), respectively. The destination map and FTLE map are oriented as they appear in the parent
tube. Contiguous regions in the destination map are colored according to the zone shown
in figure 5.38(a) in which the released particles are deposited. The fact that the model
and resulting flow field are symmetric about the midplane is reflected by the symmetry of
the particle destination and FTLE maps. Likewise, the lack of symmetry in the geometry produces the asymmetry in the perpendicular plane. Since the FTLE map is based on
the final position of the particles, the destination map and FTLE map show the effects of
downstream geometry and flow structures on particle deposition.
In the FTLE map shown in figure 5.38(c), the boundary between two widely separated
deposition zones is a region in which the FTLE takes on large values due to the lack of
coherence in particle trajectories. Conversely, a region of low FTLE values indicates that
particles introduced in this region exhibit significant coherence in their final deposition
positions. For example, the blue region just to the right of the center of the destination
map shows the initial positions of particles that are deposited in the zone that includes
the carina and the region just downstream of the first bifurcation. The corresponding low
values of the FTLE map in this region indicate that these particles show coherence in their
final position.
Taken alone, the particle destination map does not provide any detailed information
about what happens within a contiguous region, i.e., particles deposited in the same zone.
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On the other hand, when the FTLE map is considered alone, it gives no indication of
the location of particle deposition in the bronchial tubes. Thus, the simultaneous use of
both techniques provides better understanding of particle deposition than considering them
independently. Additionally, by using the particle destination map in conjunction with the
FTLE map, it is possible to seed particles so that their trajectories have certain desired
properties. This can be contrasted to a trial-and-error approach to accomplish the same
task.
Now focus on the larger daughter tube and the subsequent granddaughter tubes. Figure 5.39 shows particle trajectories seeded on the cutting plane located at the inlet, which
is labeled A. The particle trajectories were selected using the particle destination map and
the FTLE map, figures 5.38(b) and 5.38(c), so that some would exit the domain and others
would impact the tube walls. Also shown in the figure are three cutting planes labeled B,
C, and D to which referred in subsequent figures. Referring to figure 5.39, note that red
particles exhibit quite a bit of dispersion once they cross plane B. This behavior is manifested in the variation of FTLE in the region in which the red trajectories were seeded as
shown in figure 5.40(a). Its cause is apparent in figure 5.40(b) where the red trajectories
intersect one of the counter-rotating vortices and, because of the interaction with the vortex, become dispersed. Figure 5.40(c) shows that the red trajectories are further dispersed
through their interactions with the vortices in the larger granddaughter tube. However, as
shown in figure 5.39 and the particle destination map in figure 5.38(b), the red particles
all exit the domain in the larger granddaughter tube. In this case, it is seen that the FTLE,
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(a) particle deposition zones

(b) particle destination map

(c) FTLE map
Figure 5.38

Particle deposition – planar geometry.
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Figure 5.39
Particle trajectories initiated in parent tube at A.

interpreted in the correct context, provides information about the interaction of particles
with vortices that is not indicated by the particle destination map.
Referring to figure 5.40(a), the blue trajectories were seeded in a region of relatively
low FTLE values, which suggests that their dispersal should be minimal. These trajectories
are reasonably coherent along their paths up to their exit through the larger granddaughter
tube. A close examination of figure 5.40(b) shows that these particles pass through the
core region of one of the counter-rotating vortices in plane B. In comparison with the red
trajectories, it can be observed that particles passing near the core of the vortex show less
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(a) seed points in plane A

(b) plane B

(c) plane C

(d) plane D
Figure 5.40

Particle trajectories and crossflow velocity vectors in cutting planes.
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dispersion than those passing through regions outside the core. As shown in figure 5.40(c),
the blue particles do interact with the vortices in the granddaughter tube and exhibit some
dispersion, which is consistent with the results in the FTLE map.
The green trajectories are seeded in a region in which the FTLE values in figure 5.40(a)
suggest that there is some dispersion of the particles and the destination map in figure 5.38(b) indicates they are deposited in more than one zone. The green trajectories
remain coherent until they intersect plane D where the green particles interact with the
vortices as shown in figure 5.40(d). Some of the particles impact the smaller granddaughter tube wall while others exit the smaller granddaughter tube. The moderate values of
FTLE in the region where the green trajectories were seeded illustrate how FTLE can
show a continuous variation in regions where the particle destination map shows zone
boundaries.
Now consider the orange trajectories shown in figure 5.39. From figure 5.40(a), it can
be seen that the orange trajectories were seeded in a region of high FTLE. As can be seen in
figure 5.40(b), the flow in plane B has little effect on the coherence of the orange particles.
However, as shown in figure 5.39, some of the particles impact the smaller granddaughter
tube wall near the carina, some deposit on the smaller granddaughter tube wall away from
carina, and the remainder exit from the smaller granddaughter tube. The orange particles
are deposited in two different zones in a manner similar to the green particles as indicated
by the destination map in figure 5.38(b). However, unlike the green particles, the orange
particles are deposited over a relatively large region thereby demonstrating the usefulness
of FTLE for illustrating intrazone and interzone particle deposition.
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5.2.2.3

Particle deposition – nonplanar geometry

Figure 5.41 shows the deposition zone diagram, the particle destination map, and
the FTLE map on a cross section located at the inlet of the nonplanar geometry. From
the particle destination map, it can be observed that particle trajectories are similar to
those found in the planar model up to the first bifurcation and the upstream regions of the
daughter tubes. The particle destination map is symmetric until the second generation.
Beyond the second-generation tubes, the particle distribution is asymmetric and shows
substantially more complex behavior than the planar case. The total particle deposition
efficiency for the nonplanar model was found to be about 42.8%. This value is slightly
higher than in the planar model (41.34%). However, while comparing the third-generation
regions, some show more and some show less deposition in the nonplanar model than in
the planar model. In figure 5.41(b), the light green region on the right, corresponding to the
large granddaughter from the small daughter tube, shows some particle deposition in the
nonplanar case whereas, in the planar case, the deposition in the same tube is fairly small
and the light green region cannot be identified on the right side of the particle destination
map shown in figure 5.38(b).
Again focus on the larger daughter tube and the subsequent granddaughter tubes. Figure 5.42 shows the cutting plane located at the inlet, labeled A, upon which the particle
trajectories were seeded, and the three cutting planes labeled B, C, and D. First consider
the blue trajectories. They were seeded in a region of moderate FTLE, as shown in figure 5.43(a). However, they show minimal dispersion in the larger daughter tube as shown
in figure 5.43(b) due to the fact that they are passing through one of the counter-rotating
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(a) particle deposition zones

(b) particle destination map

(c) FTLE map
Figure 5.41

Particle deposition – nonplanar geometry.
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vortex cores in plane B. It is evident from figure 5.43(c) that the blue particles begin to
disperse as they interact with one of the vortices in the larger granddaughter tube. Note
that the crossflow velocity curvature is significant in the region where the blue particles
cross plane C. Figure 5.42 shows that the orange trajectories diverge in the larger daughter
tube and converge in the larger granddaughter tube producing relatively low FTLE values
in figure 5.43(a). In this case, the vortices encountered along the orange trajectories in the
daughter tube and the smaller granddaughter tube rotate in the same direction as shown in
figures 5.43(b) and 5.43(c).
It is seen from figure 5.43(a) that the green trajectories are seeded from a region with
moderate values of FTLE. The green trajectories remain coherent until they cross plane
C where they interact with the vortices and are deflected toward the wall as indicated in
figure 5.43(c). As a result, they are deposited along the larger granddaughter tube wall,
again indicating how FTLE provides information about particle dispersal in regions where
the particle destination map provides no information beyond the zone in which the particles
are deposited.
Finally, note in figure 5.42 that the red trajectories actually diverge at the bifurcation
in the granddaughter tubes. From figure 5.43(a), it can be seen that the red trajectories
were seeded in a region which there is significant variation in the FTLE values. As can
be seen from figure 5.43(b), the particles interact with one of the counter-rotating vortices
in plane B and begin to disperse. Some of the particles, which were seeded in the region
of lower FTLE, encounter a vortex rotating in the opposite direction in the smaller granddaughter tube and converge as shown in figure 5.43(d). The remaining particles enter the
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Figure 5.42
Particle trajectories initiated in parent tube at A.
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(a) seed points in plane A

(b) plane B

(c) plane C

(d) plane D
Figure 5.43

Particle trajectories and crossflow velocity vectors in cutting planes.
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larger granddaughter tube and disperse more as they interact with the vortices shown in
figure 5.43(c). This case illustrates how the FTLE map can distinguish between regions of
large dispersal and coherence that are in close proximity to one another.

5.2.2.4

Summary

Particle deposition in planar and nonplanar, three-generation asymmetric airway models was simulated for steady-state inhalation. A mesh refinement study was performed to
assure that the particle deposition results were mesh independent. Particle deposition for
refinement 2 and refinement 3 meshes show mesh independence for the planar and nonplanar models. The impact of geometric nonplanarity on the primary and secondary flow
fields was found to be significant. Since the particle deposition mechanism is driven by
the flow fields in the bronchial tubes, the nonplanarity and asymmetry affect the particle
deposition significantly as well. The effects of nonplanarity on particle deposition are now
summarized.
1. The FTLE and particle destination maps in the planar configuration showed symmetric patterns with respect to the bifurcation plane since the geometry of the planar
model is symmetric with respect to the bifurcation plane. Because of the asymmetry
of the bronchial tube model with respect to the plane perpendicular to the bifurcation, the FTLE and particle destination maps showed asymmetry with respect to this
plane.
2. In the nonplanar three-generation bronchial tube model, particle deposition described
in terms of the FTLE and particle destination maps showed asymmetry with respect
to the bifurcation plane in the third generation branching where local nonplanarity
occurs. The patterns in these particle deposition maps were symmetric with respect
to the bifurcation plane up to the second generation branching since the geometry
here is symmetric with respect to the bifurcation plane.
3. The complex secondary flows in the third generation granddaughter tubes of the
nonplanar bronchial tube model made a significant impact on particle deposition.
This phenomenon was observed from the orange particle traces shown in figure 5.42,
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where the particles first diverge due to the vortex interaction in the second generation
branch and then converge back together as a result of the vortex-particle interaction
in the third generation tube.
4. The total particle deposition efficiency for the nonplanar model was found to be
slightly greater than in the planar case. However, the local deposition efficiencies in
the third-generation branches were found to be drastically different in the planar and
nonplanar configurations. This suggests that overall particle deposition is not much
affected significantly by the nonplanarity; however, the localized particle deposition
is greatly affected where the nonplanarity occurs.
The visualization techniques employed in this study illustrate the complexity of the
flow fields in the small bronchial tubes. The primary challenge associated with identifying
the impact of flow features on particle deposition is that there are both local (Eulerian) and
global (Lagrangian) effects that must be considered. Observations regarding the efficacy
of the visualization approach to understand the flow structure/particle interactions are now
summarized.
1. Visualization of the particle trajectories can provide critical information about the
flow field/particle interaction. However, appropriate selection of the seed locations
is crucial if the particle trajectories are to be useful. The FTLE maps facilitate
identification of meaningful seed point locations by indicating regions of the flow
that exhibit coherence or lack of coherence.
2. The FTLE map distills both local and global effects into a single image by illustrating the effects of geometry and downstream vortices on particle deposition.
3. Regions of higher curvature in the cross-flow velocities produce a higher FTLE
value, which indicates a spreading of the particles. This can be observed in figure 5.40(b) for the red trajectories as well as for several other cases.
4. The particle destination map is based on an arbitrary user-defined domain decomposition and provides only gross information about the location of the particle deposition. In contrast, the FTLE map is independent of any user-specified domain
decomposition and provides details about intrazone particle dispersal. For example, although the red trajectories shown in figure 5.39 all deposit in the same zone,
they do show dispersal in the zone in which they are deposited due to interactions
with vortices in the larger granddaughter tube. Additionally, the FTLE map can provide information about interzone dispersal as indicated for the green trajectories in
figure 5.39.
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5. Since the FTLE maps are based on the terminal positions of the particles, particles
seeded from low FTLE regions will necessarily deposit in close proximity to one
another. However, this does not imply that there is no spreading along their trajectories. An example is shown in figure 5.42 where the vortices in the granddaughter
tube are rotating opposite to those in the daughter tube and tend to cause the orange
particle trajectories to converge in the granddaughter tube, which results in a lower
value of FTLE.

5.3

Unsteady ventilation: Three-generation models
The results from flow field and particle trajectory simulations for unsteady flow con-

ditions are presented in this section. The velocity variation with time was specified to be
a sine-wave, as shown in figure 3.6, and was used to generate a 30-respiration-per-minute
periodic flow (period of two seconds). This condition corresponds to a breathing pattern of
moderate activity and produces a flow with a Womersley number (α), as defined in equation 1.1, of 1.16. During the inhale phase of the breathing cycle, the velocity profile was
imposed at the parent tube inlet, whereas during the exhale phase of the breathing cycle,
the velocity profiles were imposed at the four, third-generation tube outlets. The unsteady
simulations were performed for the planar and nonplanar, three-generation asymmetric
models described in section 3. Since refinement 2 meshes for planar and nonplanar models showed mesh independence for flow and particle trajectory simulations for the steadystate flow conditions, it was assumed that these meshes provide mesh converged solutions
for the unsteady flow conditions as well. Since the inhale phase of the breathing cycle
takes one second, a group of particles was released every one-tenth of the second during
the inhale phase to capture the effect of various flow conditions. Figure 5.44 shows the
locations of the cutting planes on which the data were extracted.
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Figure 5.44
Locations of curve segments as well as cutting planes.

5.3.1

Inspiratory flow

In this section, the unsteady primary and secondary flows computed for the planar and
nonplanar bronchial tube models during the inhalation phase of the breathing cycle (i.e.,
up to 1s) are presented. Figure 5.45 shows the axial velocity profiles at various crosssections in the planar and nonplanar bronchial tube models at a time of 0.5 seconds, which
corresponds to the peak inspiratory flow condition. This is equivalent to an instantaneous
Reynolds number of 1,000, as shown in figure 3.6, and has the same inflow condition
as the steady-state case. The velocity vectors are colored by velocity magnitude (m/s).
The numbers show the percent mass flow entering in the each tube. As observed in the
steady-state cases (figure 5.21), the planar and nonplanar models show minimal differences
between the mass flow entering in the second-generation branches. Similar to the steadystate flow conditions, there are significant differences between the mass flow partition
in the third-generation for the planar and nonplanar cases. This is due to the fact that
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asymmetry of the velocity profile entering in the third-generation is lost in case of the
nonplanar model; therefore, the mass flow distribution is solely based on the asymmetry
of the third-generation tubes. These values are nearly identical to those obtained for the
steady-state solution as shown in figure 5.21.

(a) Planar model

(b) Nonplanar model (rotated for better view)

Figure 5.45
Axial velocity profiles colored by velocity – inhale (t=0.5s).

Figure 5.46 shows the differences of primary velocities between the planar and nonplanar models along the line segments in the cross-sections aa and bb at time t=0.5s. Since
the nonplanarity is downstream of this location, the differences in the primary flow are
negligible. This observation is consistent with the steady-state flow results (figure 5.22).
The secondary flows, in the form of cross-flow velocity vectors in cutting planes aa’
and bb’, at the peak of the inhalation phase of the breathing cycle (i.e. at t=0.5s) are shown
in figure 5.47. Since the flows in the planar and nonplanar models show no significant dif105
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Figure 5.46
Comparisons of the Velocity distribution in the second-generation (t=0.5s).
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ferences, only the cross-flow velocity vectors in the planar case are shown. The symmetry
of the vortices with respect to the bifurcation plane is evident. The orientation of the line
segments in the bifurcation plane (BB ) and in the plane normal to the bifurcation (NN )
are shown explicitly. The secondary flow patterns are qualitatively similar to the secondary
flow patterns for the steady-state case shown in figure 5.24.

(a) Colored by velocity – aa

(b) Colored by velocity – bb

Figure 5.47
Cross-flow velocity vectors in second-generation (t=0.5s) – planar.

In order to demonstrate the unsteady effects, flow data were extracted at t=0.1s intervals during the inhalation phase. The temporal variation of the average inlet velocity is
shown in figure 5.48. The flow rate increases with time before reaching the peak at t=0.5s.
In other words, the flow is accelerating at the inlet. After the peak, the velocity decreases;
therefore, the flow is decelerating at the inlet. The primary velocity profiles along the
curve segments in cross-sections aa and bb in the bifurcation plane for both models are
shown at various times in figures 5.49 and 5.50. As time progresses, the velocity profiles
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become fuller until they reach a peak at t=0.5s. After that time, the velocity profiles become slimmer as shown in the plots. Even though flow conditions at the inlet are identical
for time pairs 0.1s and 0.9s, 0.2s and 0.8s, 0.3s and 0.7s, and 0.4s and 0.6s; the corresponding velocity profiles are somewhat different. The differences are maximum at the
off-peak times t=0.1s and t=0.9s; whereas the minimum differences were observed near
the peak at times t=0.4s and t=0.6s. This demonstrates the significance of the temporal
variation of the flow rate on the unsteady bronchial tube flows. A similar observation was
made by Zhang et al. [57], when they found the maximum differences in the flow fields
at the off-peak conditions. The “M-shaped” primary velocity profiles for the line segments on the plane perpendicular to the bifurcation plane can be observed in figures 5.51
and 5.52. The “M-shaped” profile is most prominent at t=0.5s, when the flow conditions
are at the peak of the inhale cycle. After the peak, the vortices start to dissipate decreasing
the prominence of the “M-shaped” profile. However, at t=0.9s, the lingering effects of the
secondary flows on the velocity profiles are present (see figure 5.52). This demonstrates
that the the creation and dissipation of the secondary flows lags the development of the
inflow profile.
Figure 5.53 shows the temporal variation in mass flow fraction entering in the secondgeneration branches of the planar and nonplanar models during the inhalation phase. In
the second-generation branches, the flow distribution in both the planar and nonplanar
models behaves similarly, since the nonplanarity does not occur here locally. However, as
time increases, there are small differences between the mass flow distribution in the planar
and nonplanar models. This is likely due to the effect of downstream geometry on the
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Figure 5.48
Temporal variation of average inlet velocity – inhale cycle.
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Figure 5.49
Primary velocity distribution in bifurcation plane – aa .
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Figure 5.50
Primary velocity distribution in bifurcation plane – bb .
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Figure 5.51
Primary velocity distribution in the plane normal to bifurcation – aa .
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Figure 5.52
Primary velocity distribution in the plane normal to bifurcation – bb .

flow in the second-generation. It can be observed from figure 5.53(a) that the mass flow
fraction in the large daughter tube increases as the flow develops. Initially, the flow tends
to partition based on the diameter of the daughter tube since inertial effects have not yet
become significant. However, as the inlet velocity increases, inertial effects become more
prominent. As a result, more of the flow enters the large daughter tube. Correspondingly,
the flow fraction entering in the small daughter tube decreases as shown in figure 5.53(b).
It can be noted from the figures that the flow distribution at the peak of the inspiratory flow
(t=0.5s) is almost the same as the steady-state distribution.
The intensity of the vortices can be used to estimate the strength of the secondary flows
in a particular cross-section. Figure 5.54 shows the temporal variation of the intensity of
the secondary flows in the second-generation branches at cross-sections aa and bb . Since
the second-generation geometry of the bronchial tubes is the same for both models, the
secondary flow intensity is the same. Again, the secondary flow intensities at peak in111
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Figure 5.53
Variation in a mass flow entering second-generation.

halation are approximately the same as the steady-state value. As seen from the plots in
figures 5.54(a) and 5.54(b), the secondary flows strengthen initially and, after peaking,
began to weaken. The primary velocity plots shown in figures 5.51 and 5.52 show similar
behavior that indicates the presence of the secondary flows near the end of the inhalation
cycle through the “M-shaped” profile. The observations made here about the initial intensification of the vortices and dissipation from the peak agree with observations reported in
the literature [57].
Now focus on the third-generation branches where the nonplanarity occurs locally. The
primary velocity profiles at the peak inhalation time (t=0.5s) for both models show substantial differences that are consistent with the steady-state results. The secondary flows
at cross-sections cc and dd for the planar and nonplanar models are shown in figures 5.56
and 5.57, respectively. Secondary flow patterns are symmetric with respect to the bifurcation plane for the planar case (see figures 5.56(a) and 5.57(a)); whereas, the symmetry
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Figure 5.54
Variation of intensity of secondary velocity with time in second-generation.

with respect to the bifurcation was lost for the nonplanar model since the nonplanarity
occurs locally in third-generation as shown in figures 5.56(b) and 5.57(b).
Figures 5.58-5.61 show the time variation of the primary velocity profiles during inhalation for line segments in and normal to the bifurcation plane in cross-sections cc and
dd . The cross-section locations are shown in figure 5.44. The differences between the
primary velocity profiles for identical inlet flow conditions at the corresponding time pairs
0.1s and 0.9s, 0.2s and 0.8s, 0.3s and 0.7s, and 0.4s and 0.6s are evident for the planar and
nonplanar geometries in the bifurcation plane and plane normal to the bifurcation. However, as observed previously, near the peak, i.e., at t=0.4s and t=0.6s, these differences are
minimal.
The temporal variation of the mass flow fractions in the third-generation tubes of the
planar and nonplanar models is shown in figure 5.62. At both cc and dd , the mass flow
fractions entering the planar and nonplanar models are quite different as the nonplanarity
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Figure 5.55
Comparison of the velocity distribution in third-generation (t=0.5s).

(a) Planar model

(b) Nonplanar model

Figure 5.56
Cross-flow velocity vectors on a plane cc colored by velocity (t=0.5s).
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(a) Planar model

(b) Nonplanar model

Figure 5.57
Cross-flow velocity vectors on a plane dd colored by velocity (t=0.5s).
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Figure 5.58
Primary velocity distribution in bifurcation plane – cc .
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Figure 5.59
Primary velocity distribution in the plane normal to bifurcation – cc .
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Figure 5.60
Primary velocity distribution in bifurcation plane – dd .
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Figure 5.61
Primary velocity distribution in the plane normal to bifurcation – dd .
takes place locally. In the large granddaughter tube (location cc ), a large flow fraction
enters the large daughter tube of the nonplanar model as compared to the planar case (see
figure 5.62(a)). The curve in black shows the variation in the flow fractions entering the
large granddaughter tube of the planar model. Initially, the flow fraction decreases with
time and then becomes almost constant. At first, the flow is distributed based solely on
the diameter of the third-generation branches; therefore, more flow enters the larger tube
initially. As time progresses, the flow fraction decreases in the large granddaughter tube
since, due to inertia, more flow enters the small granddaughter tube. Once the mass flow
is partitioned between these third-generation tubes, the values remain almost constant. In
contrast, for the nonplanar case, there is no variation with time, since the distribution of
the flow is primarily based on the size of the granddaughter tubes.
Now consider the smallest granddaughter tube among the third-generation tubes (at
dd from figure 5.44). The temporal variation of the mass flow fraction for both the planar
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and nonplanar cases is shown in figure 5.62(b). Due to inertial effects, more mass starts
flowing into the small granddaughter tube in the planar model. Since the flow distribution
is primarily based on the size of the tube in the nonplanar model, the flow distributions stay
almost the same with time. It can also be observed that more flow enters for the planar
case as opposed to the nonplanar case.
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Figure 5.62
Variation in a mass flow entering third-generation.

The temporal variation of the intensity of the secondary flows is shown in figure 5.63.
In the third-generation branches at cross-sections cc and dd , the secondary flows are
much stronger in the nonplanar model than the planar model. Initially, the secondary flow
intensities are the same for both models since the vortices have not fully developed. At
cross-section cc (in the largest granddaughter tube), the secondary flows vary with time
since there are persistent vortices from the large daughter tube and the local vortices are
strengthening. Due to the interaction of the local vortices with the persistent vortices, the
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intensity of the secondary flows changes with time as shown in figure 5.63(a). The secondary flow intensity variation in the smallest granddaughter tube at cross-section dd is
shown in figure 5.63(b). In the nonplanar model, the secondary flow intensity increases
gradually as a result of history effects of the secondary flows. The vortices start to dissipate after reaching their maximum strength. As observed before, the values at the peak
inhalation are similar to the steady-state case.
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Figure 5.63
Variation of intensity of secondary velocity with time in third-generation.

5.3.2

Expiratory flow

The primary velocity profiles at various cross-sections in the planar and nonplanar
models for t=1.5s, corresponding to the peak of expiration phase, are shown in figure 5.64.
Again, this condition corresponds to a Reynolds number of 1,000 flow during exhalation
(see figure 3.6). The flow is now entering from the four third-generation tubes and exiting
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from the parent tube. The velocity profiles in the second-generation tubes are skewed
toward the inside of the turns due to the curvature of the small granddaughter tube. This
shows the influence of the larger branch angle of the small granddaughter tubes compared
to the large granddaughter tubes. The velocity profiles in the second-generation daughter
tubes of the nonplanar model do not show this skewness since the third-generation branch
is rotated to a 90o out-of-plane angle. Multiple vortices are present in the parent tubes
of both the planar and nonplanar models due to the effects of curvature in the previous
generation branches. This is demonstrated by the irregular shape of the primary velocity
profiles in the parent tube for both the planar and nonplanar models.

(a) Planar model

(b) Nonplanar model (rotated for better view)

Figure 5.64
Axial velocity profiles colored by velocity – exhale (t=1.5s).

First focus on the second-generation branches of the planar and nonplanar models at
peak exhalation (t=1.5s). Figure 5.65 shows a comparison of the primary flow profiles at
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the locations aa and bb for the planar and nonplanar models. The velocity profiles at the
same locations are significantly different for the planar and nonplanar models because of
the differences between the upstream third-generation geometries. The symmetry of the
velocity profiles for the planar case, as shown in figures 5.65(b) and 5.65(d), is evident.
During the exhalation phase of the breathing cycle, the secondary flows are more complex in the second-generation branches than for the inhalation phase. Vortices that are
generated due to the curvature of the third-generation tubes merge and create two pairs
of counter rotating vortices. This phenomenon is shown for both the planar and nonplanr
models in figures 5.66 and 5.67. A pair of well-defined vortices is shown in figure 5.66(a).
On the other hand, two distinct pairs of vortices are observed for the nonplanar case. These
develop due to the curvature in the third-generation granddaughter tubes as shown in figure 5.66(b). Here the vortices induced by the curvature in the large granddaughter tube are
on the right side, where the vortices on the left develop due to the curvature in the small
granddaughter tube.
The average velocities of the fluid exiting from the parent tube at t=0.1s intervals are
shown in figure 5.68. It should be noted that the flow is now in the opposite direction from
the inhalation phase of the cycle. The temporal variation of the primary velocity profiles
during the exhalation phase of the cycle is shown in figures 5.69-5.72 at various locations
in the bifurcation plane and in the plane normal to the bifurcation plane at aa and bb .
Figure 5.69 shows the temporal variation of the primary velocity profiles in the bifurcation
plane in the large daughter tube at aa for the planar and nonplanar models. The orientation
of this extracted line segment is shown in figure 5.66 for both configurations. The primary
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Figure 5.65
Comparisons of the Velocity distribution in the second-generation (t=1.5s).

(a) Planar model

(b) Nonplanar model

Figure 5.66
Cross-flow velocity vectors on a plane aa colored by velocity (t=1.5s).
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(a) Planar model

(b) Nonplanar model

Figure 5.67
Cross-flow velocity vectors on a plane bb colored by velocity (t=1.5s).
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Figure 5.68
Temporal variation of average inlet velocity – exhale cycle.
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flow profiles develop until they reach a peak at t=1.5s. After which, the profiles start
decreasing. The velocity profiles show differences at times with identical inlet conditions
as shown in figure 5.69(a). These differences reflect the unsteady nature of the flow fields.
For times t=1.4s and t=1.6s, the primary velocity profiles do not differ significantly since
the flow conditions are not drastically different near the peak. The primary flow differences
are highest at t=1.1s and t=1.9s due to the sinusoidal breathing curve (figure 3.6). Also,
there are history effects that may cause the flow at t=1.9s to be different than the flow
at t=1.1s. For the nonplanar case, the flow behaves identically to the results shown in
figure 5.69(b) for times with the same instantaneous inflow conditions. This is because the
primary flow along line segment BB in the bifurcation plane is uniform for the nonplanar
case (see figure 5.66(b)).
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Figure 5.69
Primary velocity distribution in bifurcation plane – aa .
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Figure 5.70
Primary velocity distribution in the plane normal to bifurcation – aa .

The primary velocity profile variation in the plane normal to the bifurcation is shown
in figure 5.70 for the planar and nonplanar models. Symmetric “M-shaped” profiles can be
observed in figure 5.70(a) for the line segment NN and in the shaded surface image shown
in figure 5.66(a). In this section, the secondary flows greatly influence the primary velocity
profiles. Asymmetric vortex patterns and velocity profiles for the nonplanar model are
shown in figures 5.66(b) and 5.70(b), respectively. Figure 5.72 shows similar plots for the
velocities extracted on the plane normal to the bifurcation for both models. As observed in
the large daughter tube, the differences were minimal near the peak of the cycle and were
most significant at the off-peak times (figures 5.71(a) and 5.72(b)). Since velocities along
the line segment BB in the nonplanar model and NN in the planar model (see figure 5.67)
increase monotonically to the center, the profiles are identical for equivalent instantaneous
inflow conditions as shown in figures 5.71(b) and 5.72(a).
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Figure 5.71
Primary velocity distribution in bifurcation plane – bb .
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Figure 5.72
Primary velocity distribution in the plane normal to bifurcation – bb .
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The temporal variation of secondary flow intensity in the second-generation branches
of the planar and nonplanar models during the exhalation phase of the breathing cycle is
now compared. Figure 5.73 shows the secondary flow intensity versus exhalation time in
cross-sections aa (large daughter tube) and bb (small daughter tube). The secondary flows
are stronger in the second-generation of the planar model than in the nonplanar model. In
the second-generation branches, the vortices are generated because of the curvature of the
third-generation branches from which the flows are merging in the second-generation. The
curves for both planar and nonplanar models show similar behavior. In the beginning of the
exhalation phase, the secondary flow develops and the intensity increases until it reaches
the peak of the exhalation phase (t=1.5s). After this time, the flows start to decelerate and
the secondary flow intensities decrease. However, the secondary flows do not dissipate as
fast as they were generated as indicated from the plots of the primary velocity distribution
in the plane normal to the bifurcation shown in figure 5.70. It is apparent from these plots
that, at the same locations in the second-generation branches, the vortices are stronger
during the exhalation phase than the inhalation phase (figure 5.54). This occurs because
there is more vortical activity during the exhalation phase.
The effects of nonplanarity are prominent in the parent tube at section pp at the exhalation peak (t=1.5s) as shown in figure 5.74. The secondary flows make complex patterns
for the planar and nonplanar models as shown in figure 5.75. Figure 5.75(a) shows a symmetric pattern of vortices in the planar case that is formed from two well-defined vortex
pairs that occur because of the curvature in the second-generation branches (top vortex
pair from the large daughter tube and bottom vortex pair from the small daughter tube)
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Figure 5.73
Variation of intensity of secondary velocity with time in second-generation.

and two pairs of persistent dissipating vortices, which were generated due to the curvature
in the third-generation branches. For the nonplanar case, the secondary flows at cutting
plane pp’ exhibit asymmetric vortex patterns as shown in figure 5.75(b). Five distinct vortices are generated in the parent tube. These include newly-generated vortices from the
second-generation turns as well as persistent vortices generated from the third-generation
tube curvature. It should be noted that the velocity profiles at pp in the plane normal to
the bifurcation (see figure 5.74(b)) show more variation as a larger number of vortices is
present in comparison to the cross-sections in the second-generation branches.
Figures 5.76(a) and 5.77(a) show the primary velocity profile variation along the line
segments that lie in the bifurcation plane and normal to the bifurcation plane, respectively.
The “M-shaped” profile develops as early as t=1.2s thereby showing the effects of secondary flows in the plane perpendicular to the bifurcation plane. The velocity profiles
for different times during the exhalation phase of the cycle are shown in figures 5.76(b)
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Comparisons of the Velocity distribution in parent tube (t=1.5s).
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Figure 5.75
Cross-flow velocity vectors on a plane pp colored by velocity (t=1.5s).
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and 5.77(b). The vortices increase in strength and create larger variations in the primary
velocity profiles until the exhalation peak is reached. After reaching the peak, the vortices
become weaker.
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Figure 5.76
Primary velocity distribution in bifurcation plane – pp .

In order to quantify the strength of the secondary flows occurring in the parent tube
during the exhalation phase of the cycle, the temporal variation of the secondary flow
intensity is plotted as shown in figure 5.78. Since the parent tube is downstream of the
second- and third-generation branches during exhalation, the effects of all the daughter
tube and granddaughter tube curvatures are experienced here. As observed during inhalation, development of the secondary flows lags the variation in the inlet profiles. For both
planar and nonplanar cases, the maximum in the secondary flow intensity takes place at
t=1.6s (after the peak of exhalation) as a result of the interaction of persisting vortices
(from the second-generation) with the newly generated vortices. It is interesting that the
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Figure 5.77
Primary velocity distribution in the plane normal to bifurcation – pp .

secondary flows are now stronger in the nonplanar model in the parent tube whereas the
second-generation secondary flows were stronger in the planar model (see figure 5.73).
This again illustrates the result of the interactions of the newly generated vortices with
persistent vortices in the parent tube.

5.3.3

Particle deposition

In order to calculate the particle deposition during an unsteady simulation, approximately 24,000, ten-micron diameter water droplets were released at the inlet at intervals
of 0.1s. Plots of particle initial velocity versus time, as computed using equation 3.3, and
average fluid velocity versus time are shown in figure 5.79. It can be observed from the
figure that the particle release velocities are slightly higher than the average fluid velocities
at any given particle release time. It should be noted that this particle initial condition was
applied for both the planar and nonplanar models.
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Variation of intensity of secondary velocity with time in parent tube.
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5.3.3.1

Particle deposition – planar geometry

First consider particles released at the peak of inhalation phase of the breathing cycle
(at t=0.5s). The initial particle velocities are a maximum at this instant as shown in figure 5.79. These instantaneous inflow conditions are equivalent to a Reynolds number of
1,000 flow. Therefore, the results can be compared to the steady-state inhalation results at
a Reynolds number of 1,000 to evaluate the effects of unsteadiness at this particular flow
condition. Particle deposition results, in terms of a particle destination map and an FTLE
map, are shown in figure 5.80 for the steady-state flow condition and the peak of the inspirational flow (t=0.5s) in the planar model. The particle destination map shows deposition
in the carina and second-generation branches as the result of inertial effects. When comparing particle destination maps for the steady-state and unsteady flow conditions shown
in figures 5.80(b) and 5.80(c), respectively, the differences were minimal in terms of particles deposition in the zones of the planar model (see the color code for particle deposition
zones in figure 5.80(a)). The particle deposition efficiency for the steady-state case was
found to be 41.35%, whereas for the unsteady case it was 41.34%. After the particles were
released at t=0.5s, the inlet velocity decreases (see figure 5.79). As can be seen from the
figure, the velocity near the peak has a minimal slope. Since particles released at t=0.5s
have relatively high initial velocities, they complete their journey in less than 0.16 seconds. As a result, these particles do not experience significant temporal variation in the
flow during their travel and, therefore, are not affected significantly by the unsteadiness of
the flow.
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The FTLE maps for the steady-state and unsteady flow conditions, shown in figures 5.80(d) and 5.80(e), exhibit good agreement. However, the particle deposition zone
boundaries are highlighted with red in the steady-state case. In the unsteady case, the inlet
velocity decreases after particles are released at time t=0.5s (inhalation peak). As a result,
the particles take longer to complete their traces. Therefore, the Δt value in the unsteady
case would be larger than the steady-state case. Since the FTLE represents the particle
dispersion rate as shown in equation 4.2, the FTLE values are smaller in the unsteady
case.
Now, consider particles released at t=0.1s, i.e., at the beginning of the inhalation cycle. The particle deposition and FTLE maps for this particle release time are shown in
figure 5.81. As opposed to a particle release time t=0.5s, the initial particle velocities are
quite small (see figure 5.79). Therefore, due to a lack of initial momentum, the particles
mostly follow the streamlines of the flow and the particle deposition efficiency is 5.35%.
Figure 5.82 shows the particle destination and FTLE maps for a particle release time
of t=0.3s. The particle deposition efficiency at this condition is 27.8%. The initial particle
velocities at this time were larger than at t=0.1s and smaller than at t=0.5s. Therefore, the
particle deposition is more than at t=0.1s and less than at t=0.5s. The flow is accelerating
for the particle release at t=0.3s. At a particle release time of t=0.7s, the instantaneous
inflow and particle conditions are identical to the instantaneous conditions at t=0.3s; however, the flow is decelerating after particle release. As shown in figure 3.6, at t=0.3s and
t=0.7s the slope of the velocity variation with time is larger in comparison to the near-peak
conditions. Therefore, comparision of the particle deposition at these two times can help
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(a) particle deposition zones

(b) particle destination map (steady)

(c) particle destination map (unsteady)

(d) FTLE map (steady)

(e) FTLE map (unsteady)
Figure 5.80

Particle deposition – planar geometry (particle release time=0.5s).
135

(a) Particle destination map

(b) FTLE map

Figure 5.81
Particle deposition at particle release time 0.1s.

to identify the effects of unsteadiness. Consider the particle destination and FTLE maps
for a particle release time t=0.7s as shown in figure 5.83. Again, the effects of initial momentum due to higher particle release velocities can be observed in figure 5.83(a). The
particle deposition efficiency at a particle release time t=0.7s was 30.7%, which is higher
than at t=0.3s. From the particle destination maps (see figures 5.82(a) and 5.83(a)), it is
observed that the differences are minimal in the second-generation branches, whereas, the
major differences occur in the third-generation branches. This can be attributed to the secondary flows, which play an important role in the particle deposition in the third-generation
branches.
In order to understand the causes of the differences in particle deposition between particle release times t=0.3s and t=0.7s, consider figures 5.84-5.86. Figure 5.84 shows that
particles released from the same location at the inlet at different times but, with identical
instantaneous initial conditions, behave differently as a result of interactions with the sec136

(a) Particle destination map

(b) FTLE map

Figure 5.82
Particle deposition at particle release time 0.3s.

(a) Particle destination map

(b) FTLE map

Figure 5.83
Particle deposition at particle release time 0.7s.
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ondary flows in the third-generation branches. The blue and purple particles are released
at t=0.3s and the red and orange particles are released at t=0.7s. These particles interact
with vortices in cross-sections B, C, and D. Since the particles released at these times take
approximately t=0.2s to complete their journey, it can be assumed that they may interact
with the vortices in cross-sections B, C, and D at approximately t=0.1s after their release
times. Therefore, to show the impact of vortices on the particle trajectories released at
t=0.3s, the cross-flow velocity vectors at t=0.4s were plotted in cross-sections B, C, and
D in figure 5.85. Similarly, the secondary flows shown in cross-sections B, C, and D in
figure 5.86, are for a time of t=0.8s. The purple and orange pair and the blue and red pair
follow almost the same paths until they reach the third-generation branches, since they are
being equally affected by the vortices in cross-section B (named 1a and 1b) as shown in
figures 5.85(a) and 5.86(a).
While focusing on the third-generation branches, consider cross-section D, near which
the blue and red particle trajectories pass. At a time of t=0.4s, the secondary flows exist
in the form of one vortex pair that persists from the previous generation (vortices 1a and
1b) and one generated due to the turn in the small granddaughter tube (vortices 3a and
3b). However, these newly generated vorices are not strong enough to change the paths of
the blue particles. Therefore, the blue particles deposit on the bifurcation region without
being pushed away from the bronchial tube walls as shown in figure 5.85(d). In contrast,
at the same location (cutting plane D) at an instantaneous time t=0.8s, vortices 3a and
3b are stronger (see figure 5.86(d)). Thus, red particles get pushed away from the wall,
as a result of interacting with vortices 3a and 3b and exit through the outlet of the third138

generation small granddaughter tube. Similarly, the secondary flows, in the form of one
vortex pair (vortices 1a and 1b) due to the effects of upstream curvature, is present in
cross-section C at a time of t=0.4s. The purple particles are in close proximity to one of
the vortices (vortex 1b) of this vortex pair and, therefore, these particles change their paths
as a result of the interaction with the vortex. This phenomenon is shown in figure 5.85(c).
At t=0.8s, the persistent vortices labeled 1a and 1b weaken and a new pair of vortices,
2a and 2b, is generated as shown in figure 5.86(c). However, the persistent vortices near
the orange particles have become weaker and do not interfere with the particle paths,
with the exception of one orange particle that is pushed away from the tube walls and
exits from the domain as a result of this interaction. These suggest the differences in the
particle deposition results at particle release times t=0.3s and t=0.7s are because of the
unsteadiness of the flows. These effects of unsteadiness were observed in the form of
history effects of the flows as well as the effects of flow acceleration and deceleration.
In general, particles released at different times take no more than t=0.3s to complete
their journey either by depositing on the tube walls or exiting via any of the four outlets.
This time is much smaller than the time taken to complete a inhale-exhale cycle (t=2s).
Therefore, particles released at most times during the inhalation phase are unaffected by
the exhalation phase. However, at release times near the end of the inhalation phase (t=0.8s
and t=0.9s), particles do experience the effect of the exhalation phase, since some may not
have finished their journey and are still present in the domain. It is necessary to account
for these particles and track them during the exhalation phase of the cycle. Figure 5.87
shows the particle destination and FTLE maps for the particles released at t=0.9s. The blue
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Figure 5.84
Particle traces initiated at 0.3s and 0.7s in parent tube at A.
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(a) seed points in plane A

(b) cross-flow in plane B (t=0.4s)

(c) cross-flow in plane C (t=0.4s)

(d) cross-flow in plane D (t=0.4s)

Figure 5.85
Particle traces and vortices in cutting planes – particle release time 0.3s.
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(a) seed points in plane A

(b) cross-flow in plane B (t=0.8s)

(c) cross-flow in plane C (t=0.8s)

(d) cross-flow in plane D (t=0.8s)

Figure 5.86
Particle traces and vortices in cutting planes – particle release time 0.7s.
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region in the particle destination map (see figure 5.87(a)) represents the particles exiting
from the parent tube outlet. The particle deposition efficiency was found to be 9.3%.

(a) Particle destination map

(b) FTLE map

Figure 5.87
Particle deposition at particle release time 0.9s – without re-entry.

Particles that have already exited the domain through one of the four outlets may reenter the domain during the exhalation phase of the cycle if they have not traversed far
enough into subsequent generation. In an attempt to address this, particles that have already exited the domain were checked to see if their exit time is longer than half of the
longest time a particle would take to reach the exit. If so, then the particle was allowed to
re-enter the domain during the exhale cycle. It should be noted that the model that allows
the particle to re-enter the domain has not been tested or validated. Particle deposition will
vary based on the conditions that are used to model the particle re-entry. If the particles that
exited were allowed to re-enter the domain for the particles released at t=0.9s, the particle
destination map and FTLE maps shown in figure 5.88 would have been produced. When
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comparing the particle destination maps for particles without and with re-entry, shown in
figures 5.87(a) and 5.88(a), respectively, it can be observed that most of the particles that
re-enter the domain deposit on the bronchial tube walls of third-generation branches. This
increases the particle deposition efficiency to 27.83% (with re-entry) from 9.3% (without re-entry). Since the impact of re-entering particles during the exhalation phase of the
breathing cycle is significant, it should not be neglected when simulating particle deposition with unsteady flow conditions.

(a) Particle destination map

(b) FTLE map

Figure 5.88
Particle deposition at particle release time 0.9s – with re-entry

5.3.3.2

Particle deposition – nonplanar geometry

Particle deposition results, in terms of particle destination maps and FTLE maps, for
the steady-state and unsteady flow conditions for the nonplanar model are shown in figure 5.89. For the unsteady case, particles released at t=0.5s, which corresponds to the
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inhalation peak, were considered. The particle destination maps for both flow conditions
are very similar as shown in figures 5.89(c) and 5.89(d). Asymmetry of the particle deposition patterns in the third-generation branches is evident from the figure. Particle deposition
efficiency values are 42.71% for the steady-state case and 42.64% for the unsteady case.
The minimal differences in their values agree with the results of the particle deposition
maps. The FTLE maps for the steady-state and unsteady flow conditions also demonstrate good agreement as shown in figures 5.89(d) and 5.89(e). As observed for the planar
model, the steady-state case shows slightly higher FTLE values because the unsteady case
the particles take more time to complete their paths.
Deposition results for particles released at t=0.1s in terms of particle destination and
FTLE maps are shown in figure 5.90. Again, as observed in the planar model, the particles
mostly follow the fluid and produce only 5% deposition efficiency due to their low initial
momentum.
The effects of unsteady flow conditions on particle deposition can be investigated by
considering similar instantaneous particle release conditions and flow conditions at the
inlet during accelerating and decelerating phase of the inhalation phase of the breathing
cycle. First, consider figures 5.91 and 5.92, which show particle destination and FTLE
maps for particle release instances of t=0.3s and t=0.7s, respectively. More particle deposition occurs for a particle release time of t=0.7s as compared to the particle deposition
for a release time of t=0.3s for both the planar model and in the nonplanar model (figures 5.91(a) and 5.92(a)). The deposition in the third-generation branches is larger for the
t=0.7s particle release time than for the t=0.3s particle release time. This indicates that the
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(a) particle deposition zones

(b) particle destination map (steady)

(c) particle destination map (unsteady)

(d) FTLE map (steady)

(e) FTLE map (unsteady)
Figure 5.89

Particle deposition – nonplanar geometry (particle release time=0.5s).
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(a) Particle destination map

(b) FTLE map

Figure 5.90
Particle deposition at particle release time 0.1s.

differences are mainly due to the effects of the secondary flows on the particle deposition.
A particle deposition efficiency of 27% was observed for the t=0.3s particle release time,
whereas the value for the deposition efficiency at t=0.7s was 32%. It is observed from
the FTLE maps shown in figure 5.91(b) that, at the t=0.3s particle release time, the FTLE
values are much higher than the FTLE values at particle release time t=0.7s shown in figure 5.92(b). The fact that particles take a shorter time to reach their destination during the
accelerating phase causes to this.
The particle deposition results for a particle release time of t=0.9s are shown in figure 5.93. As discussed previously, the particles were allowed to re-enter the domain using
the re-entry model. The dark blue region corresponds to the particles that exit through
the parent tube (see figure 5.93(a)). There are obvious differences in the particle destination maps for particle release times t=0.1s and t=0.9s as shown in figures 5.90(a) and
figure 5.93(a). At a particle release time of t=0.9s, more particles deposit on the bronchial
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(a) Particle destination map

(b) FTLE map

Figure 5.91
Particle deposition at particle release time 0.3s.

(a) Particle destination map

(b) FTLE map

Figure 5.92
Particle deposition at particle release time 0.7s.
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tube walls, due to particle re-entry and the reverse flow of suspended particles in the system. Approximately 28% of particles deposit on the tube wall for the t=0.9s particle
release time. Again, the total travel time of the particles is shorter during the acceleration
phase and, therefore, the FTLE values are higher for a particle release time of t=0.1s (see
figure 5.90(b)) than the t=0.9s particle release time (see figure 5.93(b)).

(a) Particle destination map

(b) FTLE map

Figure 5.93
Particle deposition at particle release time 0.9s – with re-entry.

5.3.4

Summary

The flow fields and particle deposition in the planar and nonplanar, three-generation
asymmetric airway models were simulated for unsteady flow conditions. A sine-wave, 30respiration-per-minute cycle was employed to mimic the breathing condition associated
with a moderate level of activity. The summary of the effects of unsteadiness on the flow
fields as well as on particle deposition in the small bronchial tubes is now summarized.
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1. When steady-state flows and their equivalent instantaneous unsteady flows at t=0.5s
(corresponding to the peak inhalation rate) were compared, they showed minimal
differences in the flow behaviors in terms of mass flow distribution, velocity profiles, and intensity of the secondary velocities. Also, particle deposition was comparable for steady-state and unsteady conditions when particles were released at the
inhalation peak. This suggests that the unsteady effects on the flow field and particle
deposition are minimal near the peak of the breathing cycle.
2. Bronchial tube flows at equivalent instantaneous inflow conditions behave differently. At an instance during the acceleration phase of the breathing cycle, the vortices are still being generated. Whereas, during the deceleration phase, the dissipating vortices have lingering effects on the flow fields. This was observed in the
primary velocity distribution plots at various locations.
3. As observed in the steady-state flow simulations, the effects of nonplanarity were
locally significant in the third-generation branches on the flow fields and particle
deposition during the inhalation phase of the breathing cycle. The secondary flow
intensities were significantly different in the third-generation branches of the planar
and nonplanar models.
4. The intensities of the secondary flows were found to be significantly higher in the
granddaughter tubes for the nonplanar model than in the daughter tubes since nonplanarity adds complex vortical activities in the granddaughter tubes.
5. During the exhalation phase of the breathing cycle, the complexity of the secondary
flows in the second-generation branches and in the parent tube increases. In contrast,
in the third-generation branches, vortical activities are minimal since the flow is
initiated from the third-generation exits during exhalation cycle.
6. The secondary flow intensities are much higher in the second-generation planar
tubes during the exhalation phase of the cycle than during the inhalation phase. The
vortices generated from the curvature of both granddaughter tubes persist into the
daughter tubes, which results in a higher secondary flow intensity in the daughter
tubes during exhalation. In the parent tube, the vortices generated from the curvature of the third-generation branches and second-generation branches persist causing
complex vortex patterns in the parent tube.
7. In general, the secondary velocity intensities increase with time until they reach their
maximum values at the peak of the inhalation or exhalation phase of the cycle and
then start decreasing. However, the rate of decrease is much slower than the rate
of increase. At the downstream locations, there is a lag that causes a maximum in
the secondary flow intensity to occur after the peak of the inhalation or exhalation.
This is a result of the time taken by the upstream flows to affect the flows at these
locations, which are third-generation tubes during the inhalation and parent tubes
during the exhalation.
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8. The mass flow fraction entering the bronchial tubes varies during the beginning of
the inhalation phase, and then becomes constant once it passes the inhalation peak
(t=0.5s). Initially, when the flow rate is relatively low, the flow distribution is affected mostly by the size of the bronchial tubes; however, as the velocities increase,
inertial effects start contributing to the flow distribution.
9. Particle deposition at the steady-state flow condition and at the equivalent unsteady
flow at the inhalation peak show minimal differences in the particle deposition in
terms of particle destination and FTLE maps. This implies that the effects of unsteadiness are minimal on particle deposition at the instance of the peak of the inhalation phase of the breathing cycle. This is true for both the planar and nonplanar
models.
10. The effects of unsteadiness are prominent when particle deposition results were
compared for off-peak times with equivalent instantaneous inflow and particle release conditions at the inlet. For example, the particle deposition efficiency at particle release time t=0.7s was higher than at particle release time t=0.3s. This was
explained by differences in the secondary flows at both instances. Secondary flow
differences in the third-generation branches cause the differences in the particle deposition patterns in the particle destination and FTLE maps.
11. The importance of the particle re-entry near the end of the inhalation phase of the
cycle was identified. When particles were allowed to re-enter the domain using the
presented model, it increased the particle deposition efficiency from 9% to 28%.
However, these results will vary based on the choice of the model used for the reentry of particles.
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CHAPTER 6
CONCLUSIONS

The goal of this research was to gain a better understanding of the flow structure/particle
interactions in the small bronchial tubes. The flow structures of interest, mainly in the form
of vortices, play a crucial role in particle deposition in the bronchial tubes. Geometrical
factors such as asymmetry and nonplanarity, which were investigated simultaneously, can
have a significant impact on the secondary flow development in the bronchial tubes. Also,
the effects of flow conditions on particle deposition, including steady-state inhalation and
unsteady ventilation, were examined. Particle destination and FTLE maps, along with
well-placed particle traces, were employed to understand the impact of the flow structures
on microparticle deposition. The major findings of this research are summarized below.
1. The results from this work suggest that the combined effects of asymmetry and nonplanarity on the bronchial tube flow fields are substantial. Since particle deposition
is driven by flow structures in the bronchial tube, these geometrical effects have a
significant impact on particle deposition as well. These effects have not been addressed simultaneously in previous studies. In the literature, when nonplanar effects
were identified, due to the symmetry of their bronchial tube model, the flow partitioning and secondary flows behaved similarly in both granddaughter branches. In
contrast, in this study it was found that, by adding asymmetry, the flow partitioning becomes highly unequal, producing distinct flows in each of the granddaughter
tubes.
2. Particle deposition in the planar and nonplanar models were similar in terms of total
particle deposition efficiencies. However, localized particle deposition was found to
be significantly different in the third-generation tubes of the planar and nonplanar
models. Localized particle deposition can be important for targeted drug delivery
if it is to treat a specific region of the airway. These findings show the importance
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of considering both geometrical aspects simultaneously on bronchial tube particle
transport modeling.
3. A novel visualization tool for bronchial tube particle deposition was needed in order
to provide a better understanding of the role of flow structures including secondary
flows on the particle deposition. The FTLE maps, in conjunction with particle destination maps and particle trajectories, explain the particle behavior and the mechanisms that affect deposition on the tube walls. These visualization techniques not
only help understand the role of nonplanarity on the particle deposition but also provided crucial information about how the unsteady nature of the flows can impact the
particle deposition. The FTLE maps distill local and global phenomena in a single
map and therefore provide an effective tool for understanding complex flow fields
with a large number of particles.
4. It can be hypothesized that for the conditions considered here, it is not necessary
to simulate the particle trajectories with unsteady conditions to capture the effects
of unsteadiness on the particle deposition. Particles, released at any time, did not
require more than 0.3s to complete their journey. A complete inhale-exhale cycle
requires 2s. Because particles take such a short time compared to the inhale-exhale
cycle, they experience minimal flow change when inside the domain; therefore, the
computational cost can be saved by simulating steady-state particle trajectories as
a post-processing step. However, the unsteady flow fields have to be simulated to
capture the unsteady flow nature.
5. Unsteady effects on the flow structures and particle deposition were minimal at the
peak of inhalation phase. The temporal variation of the inflow fluid velocities near
the peak are minimal. Therefore, the flow fields and particle deposition are nearly
unaffected by the effects of unsteady flow conditions. Also, the initial velocities of
the particles released at the peak are at their highest; therefore, they complete their
journey rapidly and remain unaffected by the flow field changes.
6. The maximum effects of unsteadiness were experienced at the off-peak times. Particles showed different deposition patterns when released at the off-peak instances
with identical inlet flow and particle release conditions. These differences are attributed to the fact that at one instance, the flow is accelerating, whereas at the other
instance, the flow is decelerating.
7. The initial particle velocities play a key role in particle deposition. It was observed
that particles with low initial velocities, due to the lack of momentum, primarily
followed the fluid path and showed minimal deposition. In contrast, particles with
high initial velocities were less affected by the flow field and more deposition due
to impaction was observed.
8. It was identified that the particles released near the end of the inhalation part of the
cycle and which are exited from one of the four outlets at the end of the inhalation
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part of the cycle, may have potential to enter back in the system during the exhalation
part of the breathing cycle, based on how fast they travel. Since the differences in
the particle deposition efficiencies were substantial with re-entry and without reentry at a particle release time t=0.9s, it is necessary to allow the particles to reenter the model during exhalation. This result suggests that in order to accurately
model particle re-entry in a three-generation model, there is a need for additional
generations.

In a final note, the research work presented here identifies crucial aspects of particle
transport in the bronchial tubes including various geometry and flow conditions. This
information can provide an ideal platform for further research involving not only this portion of the lung airway but for simulating the entire lung system with a larger number of
generations and various other breathing conditions. Further understanding of such phenomena will lead us a step closer to understanding and preventing health conditions that
arise because of inhalation of harmful particulates from the atmosphere. Also, targeted and
systemic drug delivery can be made more effective using the visualization tools described
in this research.
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